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Chapter 1: Introduction 
 
 
1.1 General introduction 
1.1.1 Diamond 
Diamond has been a fascinating material to mankind for millennia. Well-known are 
the beautiful gemstones, which have sometimes been thought to possess mysterious 
forces. Whether they do or not, the sparkling beauty of high quality gemstone dia-
monds, which is due to a combination of the material’s high refractive index [fie92] 
and skilful cutting, is unsurpassed. Diamond’s extreme hardness also contributes to its 
fame. It is this property that makes diamond very suitable for use in e.g. grinding, 
sawing and drilling applications [dev01]. Besides its hardness and the high refractive 
index, diamond has a range of other useful properties. It has the highest room tem-
perature thermal conductivity of all materials and at the same time is an electrical in-
sulator [fie92], which makes it an excellent material for heat sinks in computers. Dop-
ing diamond with boron results in p-type semiconducting diamond [kal98], which can 
e.g. be applied as electrode material [ang99, goe99]. Its high optical transparency 
ranging from UV to IR [fie92] makes diamond a good material for optical windows 
[pic00]. Finally, diamond is chemically inert to essentially all environments below a 




1.1.2 Synthetic and CVD diamond 
The usefulness of diamond combined with its relatively scarce availability in nature 
have triggered attempts to synthesize it. Almost 50 years ago now, research groups at 
the ASEA and General Electric laboratories succeeded in making synthetic diamonds 
out of graphite by the high pressure-high temperature method [bun55]. With this 
method, which imitates the geological process of natural diamond formation, diamond 
is synthesized by heating graphite and putting it under a high pressure in the presence 
of a metal catalyst. Nowadays, high temperature-high pressure synthesis can produce 
gemstone quality diamond [cho00]. Another way of synthesising diamond is chemical 
vapour deposition (CVD). The earliest reports concerning CVD on diamond sub-
strates date back to the 1960’s [der68, eve62, ang68], the first report of growth onto 
non-diamond substrates to the mid 1970’s [der76]. A number of different CVD dia-
mond methods have been discovered and developed, which can be divided into three 
groups: Hot Filament CVD (HF CVD), Plasma-assisted CVD (PA CVD) and flame 
CVD. Despite sometimes large differences with respect to necessary equipment and 
process conditions, all methods of diamond CVD are based on the same principle: the 
deposition of carbon from an activated gas phase onto a substrate. The way in which 
the gas is activated can e.g. be thermally (HF CVD) or through the release of chemi-
cal energy via combustion (flame CVD) [enc90]. The carbon sources are usually al-
kanes such as methane or acetylene. Diamond CVD can be used to deposit polycrys-
talline diamond layers onto various substrates [ash94], and has opened the door to 
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novel applications of diamond. Examples of such applications are wear-resistant coat-
ings [fay95, glo99], all-diamond micro switches [ert00] and the use in photodetectors 
for the characterization of X-ray light sources as met in synchrotron experiments 
[ber00]. Because the present thesis is about oxyacetylene flame deposition, this 
method of diamond CVD will now be given closer attention.  
 
 
1.1.3 Oxyacetylene flame CVD 
The first reports concerning flame CVD of diamond came from a Japanese group 
[hir88a, hir88b], who used a simple laminar oxyacetylene flame burning in open air 
for deposition onto a cooled substrate. Since then, this method of flame deposition has 
been further developed and has become well-established. Its main advantages are the 
high diamond growth rate (rates up to 500 µm/h [leh97] have been reported), the sim-
plicity of the required experimental set-up and the relatively low costs. The toughest 
practical problem that goes together with flame CVD is the construction of a cooling 
system that can deal with the large heat load generated by the flame and that accu-
rately controls the temperature of the deposition substrate. Good solutions to this 
problem have been found [sch93, zea97]. Draw-backs of laminar oxyacetylene flame 
CVD that are of a more fundamental nature, are the interaction of the flame with am-
bient air, which causes a radial inhomogeneity of the layers [oak91, rav92], and the 
difficulty of upscaling the process to enable coating of larger areas. These problems 
can be handled by making modifications to the basic set-up or by using set-ups of a 
different design. Interaction of the deposition process with surrounding air can be 
prevented by the use of enclosed flames [mor95, and references therein]. The deposi-
tion area can be enlarged by scanning the flame over a surface [leh97], operating 
flames at low pressure [mur92], or using flat flames [wol98a, and references therein]. 
By scanning, Le Huu et al. [leh97] have coated a 20×20 mm2 tungsten carbide sub-
strate with a homogeneous diamond layer. Hahn and co-workers [hah96] have depos-
ited a diamond film with an area of 20 cm2 by means of an atmospheric pressure flat 
flame reactor running on an acetylene-oxygen-hydrogen mixture. Generally, adapta-
tions of the simple concept of a laminar oxyacetylene flame lead to more complex 
systems and/or a reduction of the high growth rate, thereby undoing one or more of 
the characteristic advantages of flame deposition. The unadapted laminar oxyacety-
lene flame CVD may not be very suitable for direct applications, it is a very good 
model system to study diamond deposition processes. As follows from literature 
[sch99, okk00b] and chapters 6-8 of this thesis, growth in the area directly around the 
flame axis is, under typical growth conditions, not affected by interaction with the 
ambient air. Diamond growth in this area is totally determined by the applied process 
conditions, which offers a good possibility to study the effect of different process pa-
rameters on deposition. Because of the high growth rate a large number of layers can 
be grown in a relatively short time, enabling fast systematic studies, which can lead to 
a better understanding of the deposition mechanisms. Detailed parameter studies have 
been conducted by a number of groups [han91, sch93, zea97, berg98, gar98], who 
studied the influence of e.g. the acetylene to oxygen ratio and the substrate tempera-
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ture on the properties of the deposited polycrystalline diamond layers. Apart from the 
experimental research on oxyacetylene flame deposition of diamond, theoretical work 
has been done as well. Very good work in this respect are 1D [okk98] and 2D 
[okk00a] numerical simulations, performed by Okkerse and co-workers, of the gas 
phase and surface chemistry in an atmospheric oxyacetylene CVD reactor. 
 
 
1.1.4 The influence of nitrogen on CVD diamond 
Nitrogen influences the growth and properties of natural, synthetic and CVD diamond 
[the00]. For all types of diamond CVD processes the influence of nitrogen, present 
because of deliberate addition or as a contaminant in the source gases, or coming from 
the surroundings, has been studied. Small quantities of nitrogen have been found to 
enhance the growth rate of CVD diamond [jin94, boh95, mul96, ata99, sch99] and to 
change the morphology and texture [jin94, loc94, cao96, asm99, sch99] of the depos-
ited diamond crystallites. Within a range of nitrogen additions, {001} topped crystal-
lites and a <001> texture can often be observed; additions larger than the upper limit 
of this range, which depends on the CVD system and the experimental conditions, 
lead to deterioration of the diamond crystallites [wol98b, sch99].  
In the case of oxyacetylene flame deposition, interaction of the flame with nitrogen 
from the ambient air results in the formation of the commonly encountered annulus of 
enhanced growth and roughness [oak91, rav92, sch93]. The number of systematic 
studies on the effects of nitrogen on atmospheric laminar oxyacetylene flame CVD is 
limited [sch99, ata99]. Schermer and De Theije [sch99] studied for a wide range of 
nitrogen additions the effects on the diamond growth rate and morphology, and on the 
nitrogen incorporation. Atakan et al. [ata99] investigated the effects of the addition of 
four nitrogen containing compounds to an oxyacetylene flame and found effects on 
the growth rate, morphology and diamond quality. Numerical simulations of a dia-
mond-depositing oxyacetylene flame with both added nitrogen and nitrogen from the 
surroundings, have been performed by Okkerse et al. [okk00b, okk00c]. 
 
 
1.1.5 Studies of the CVD process 
A great deal of research has been devoted to gaining a deeper insight into the proc-
esses that take place during diamond CVD. In the search for a better understanding of 
CVD diamond growth, there is a continuous interaction between experiment and the-
ory. Theoretical studies can be performed at the most detailed level [bat97, bat99, 
fre91, dan94, sko94, sko95, har93, ruf96], namely that of species at the growing dia-
mond surface. Direct measurements of species or processes at the diamond surface 
during deposition have so far not been possible. A potential tool for such measure-
ments is sum frequency vibrational spectroscopy, the usefulness of which has already 
been demonstrated in model systems for diamond CVD [chi96, chu93, mit91]. The 
available experimental information about CVD diamond growth mechanisms is of an 
indirect nature, and is mainly based on correlations between the gas phase composi-
tion and properties of the deposited diamond. The gas phase composition can be stud-
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ied in situ by the use of spectroscopic techniques, which are discussed further on in 
this paragraph. For characterization of the diamond layers numerous techniques are 
available, which all render their specific information. Amongst them scanning elec-
tron microscopy and Raman spectroscopy are probably the ones that are most fre-
quently used. Together with other solid state techniques that have been used for the 
work in this thesis, they are shortly described in chapter 2. 
 
As a result of all research efforts, some general knowledge about the growth mecha-
nisms of CVD diamond has been obtained. It has be found that atomic hydrogen (H), 
methyl (CH3) and acetylene (C2H2) are important species at the growing diamond sur-
face. H, which also plays a role in the in the activation of gas phase species, is respon-
sible for the activation of surface sites and for maintaining the diamond structure at 
the surface. CH3 and C2H2 (and possibly other carbon-containing radicals) are incor-
porated into the growing diamond layer, and especially on (111) faces C2H2 is impor-
tant for next layer nucleation. The growth of diamond (111) [bat97] and (001) faces 
proceeds via step flow [enc95], and in the growth mechanism of (001) faces, surface 
etching has found to play a role [bat99]. 
 
Since a significant part of this thesis is concerned with spectroscopy of the gas phase 
during deposition, this way of obtaining experimental information about diamond 
growth will now be considered in more detail. Spectroscopic tools that are used for 
gas phase diagnostics during diamond CVD are molecular beam mass spectroscopy 
and optical techniques. A selective overview of the use of these tools in mainly HF 
and PA CVD systems has been published recently by Ashfold et al. [ash01]. Molecu-
lar beam mass spectroscopy, which can be used for measuring stable species and 
some radicals, has been used for studying HF CVD [hsu94, tsa97], PA CVD [lee99] 
and low pressure flat flames [low99]. Optical spectroscopic techniques, which are in 
principle applicable for measuring any species, have been applied to all types of CVD 
reactors. They are species specific, which means that one species in the chemical va-
pour under study can be selected, (very) sensitive and, if applied properly, non-
intrusive. Optical emission spectroscopy (OES) is often used, especially in microwave 
CVD (MW CVD) reactors [loc94, hon95, van97]. One of the disadvantages of OES is 
that, in general, only information about electronically excited species distributions is 
obtained. This is not the case for conventional absorption spectroscopy, which has 
been applied for measuring column densities of a number of species during HF CVD 
[cel91] and oxyacetylene flame deposition [wel97, fir99]. More sensitive than 
conventional absorption is cavity ring down spectroscopy (CRDS), which has been 
applied by Zare and co-workers to measure CH, CD and CH3 concentrations in a HF 
CVD reactor [zal95, lom01]. The optical technique used most often for measuring 
species distributions during diamond CVD is laser-induced fluorescence (LIF). It has 
been applied to measure atomic hydrogen  in HF CVD reactors [che94, dow94], C2, 
CH and C3 in a dc-arcjet plasma [rai93, rai97], C2 in a MW CVD reactor [kam95], 
and atomic hydrogen, C2, CH, OH and CN in an atmospheric laminar oxyacetylene 
flame [kle95, kle98a, kle98b]. 
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1.2 Scope of the thesis 
This thesis is about research on oxyacetylene flame deposition of diamond. The work 
described in it is related to two main themes: the development and application of laser 
spectroscopic diagnostics to study the flame during deposition, and the investigation 
of the influence of nitrogen addition on the properties of the deposited diamond. 
Oxyacetylene flame CVD of diamond was chosen to be studied, because, despite the 
fact that diamond deposition with this method is well-established now, the exact dia-
mond growth mechanisms of it are not yet understood. Furthermore, as mentioned in 
paragraph 1.1.3, this relatively simple and cheap way of performing diamond CVD 
provides a convenient model system for studying the influence of system parameters 
on the deposition process. In the present work, the studied parameter is nitrogen addi-
tion to the flame. Studying nitrogen addition is very relevant, because of its enormous 
influence on the properties of CVD diamond deposits. The latter means that con-
trolled nitrogen addition can be used to tailor layers for specific applications. To en-
able this, a good understanding of the influence of nitrogen is necessary. For studying 
this influence, the grown diamond layers have been characterized by means of solid 
state techniques, such as scanning electron microscopy, cathodoluminescence and 
Raman spectroscopy. In addition gas phase measurements during deposition have 
been performed to investigate the importance of the CN radical in diamond deposition 
with nitrogen addition. 
 
For gas phase measurements in the studies of nitrogen addition and other experiments, 
use has been made of optical spectroscopic techniques. In the present work two laser 
spectroscopic techniques were applied: two-dimensional LIF and CRDS. The first of 
these has been applied in our group before and could therefore be used routinely in 
experiments where controlled amounts of nitrogen were added to the flame. CRDS 
has not been used for measurements in atmospheric diamond CVD processes before, 
and its use in atmospheric flames altogether has been very limited thus far. With 
CRDS absolute concentrations at atmospheric pressure can be measured, something 
which is very hard or not possible to do with LIF due to collisional disturbance. 
Therefore, it was important to explore the possibilities of this sensitive absorption 
technique during oxyacetylene diamond CVD. In this thesis, CRDS measurements of 
the CH, C2 and CN radicals are described. 
 
 
1.3 Outline of the thesis 
After this introduction the next chapter treats the diamond deposition set-up and the 
applied flame diagnostic techniques in detail. Furthermore, it gives a short description 
of the solid state techniques used for the characterization of the diamond layers. Chap-
ter 3 presents the first CRDS measurements performed in an atmospheric diamond 
CVD reactor. The species under investigation is the CH radical, which is very abun-
dant in the flame and a possible diamond precursor. Measured radial distributions of 
this radical are discussed and a correlation between these distributions and radial 
growth rate profiles of the deposited diamond layers is found. Furthermore, a good 
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correspondence is demonstrated between one of the measured CH profiles and previ-
ous LIF results obtained under similar conditions. In chapter 4 CRDS measurements 
of excited state C2 distributions in a freely burning oxyacetylene flame are dealt with. 
Measurements on excited state species in flames are relevant, because they can unveil 
the importance of these species in combustion processes and in this way indicate, 
whether it is necessary to take them into account in modelling studies of flames. In 
comparison with the CH measurements, those on excited state C2 were performed 
with a more advanced CRDS set-up and subjected to a more detailed data analysis. 
Chapter 5, as well as the three chapters following it, handles the influence of nitrogen 
on flame CVD of diamond. It describes the results of an additional characterization of 
samples grown previously by Schermer and De Theije [sch99]. Interpretation of re-
sults obtained from micro-Raman spectroscopy, X-ray diffraction and cathodolumi-
nescence spectroscopy provides a great deal of new information about e.g. the stress 
in the layers and the crystallographic defects. In chapters 6 and 7 results of in situ 
two-dimensional LIF measurements and characterization of the grown samples with a 
number of solid state techniques are presented and discussed. The measurements were 
performed for a range of nitrogen additions to the flame. From the experiments in 
both chapters strong support is generated for the idea that the CN radical is important 
in causing the effects that are observed upon nitrogen addition. Chapter 8 deals with 
CRDS measurements of the CN radical, which were performed in the same set-up as 
the C2 measurements of chapter 4. Radial concentration profiles of the CN radical, 
measured during diamond deposition at three nitrogen additions, are discussed in 
comparison with the LIF measurements of chapters 6 and 7, and with results from 
numerical simulations performed by Okkerse et al. [okk00b, okk00c]. Finally, chapter 
9 gives a summary of the main results of the thesis, some recommendations and sug-
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This chapter starts with a description of the oxyacetylene flame, the experimental set-
up that is used for oxyacetylene diamond CVD and a typical diamond growth run. 
Following this, the laser techniques used for gas phase diagnostics are discussed. The 
principle of the techniques is explained together with basic set-ups for their use and 
methods of data handling. Hereafter, the solid state techniques used for the characteri-
zation of the deposited diamond films are dealt with. 
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2.1 Diamond deposition  
2.1.1 Oxyacetylene flame 
Diamond deposition requires an excess of carbon in the flame, meaning that the flame 
must be slightly acetylene rich with respect to the stoichiometric neutral flame. The 
composition of the oxygen/acetylene gas mixture that feeds the flame is described by 










= ,    (2.1) 
 
where, at a fixed oxygen flow, fac,n and fac,d are the acetylene flow of the neutral flame 
and the one used for deposition, respectively. Figure 2.1 shows schematic representa-
tions of a neutral flame (Sac=0%) and an acetylene rich one (Sac> 0%). Directly be-
neath the burner orifice is the conical primary flame front, in which primary combus-
tion takes place. With a temperature of ≈3000 °C [gay79] this flame front is the hot-
test part of the flame. At the primary flame front there is a strong light emission, 
which mainly originates from the C2 and CH radicals as follows from dispersion spec-
tra of this region of the flame [kle97]. In the acetylene-rich flame the flame front is 
surrounded by the so-called acetylene feather, which is only present if Sac> 0%. The 
acetylene feather, which is rich in carbon-containing radicals, is the part of the flame 
in which diamond growth takes place. Light emission from this region originates pre-
dominantly from C2 and CH, as in the case of the primary flame front. Both the neu-
tral and acetylene-rich flame have an outer flame. In this diffusion flame the products 
from the primary combustion react with oxygen from the ambient air. In the outer 
flame the OH radical is the major emitter. A detailed discussion of the oxyacetylene 
spectrum can be found in the book by Gaydon [gay74]. 
 
 
2.1.2 Diamond deposition set-up 
The general set-up used for the diamond CVD experiments described in this thesis is 
depicted in figure 2.2. The set-up, designed and developed by Schermer et al. [sch93], 
consists of two units: the burner with the oxyacetylene flame and its gas supply, and 
the substrate holder. The burner is an unmodified commercial premixed welding torch 
(Precioso), which for most diamond growth runs is fitted with a welder’s tip 2, which 
has an orifice of 1.3 mm ∅. To prevent ignition of the combustion mixture inside the 
burner tip, the tip is cooled with a cold finger. This consists of a copper clamp around 
the burner tip and a water-cooled copper rod. The combustion mixture is composed of 
highly pure acetylene and oxygen. These gases come from gas bottles and are led to 
the burner, where they are premixed in the mixing chamber before being ignited. 
Mass flow controllers (mfc) are used to regulate the gas flows with an accuracy of 
better than 1%. Good control of the gas flows is necessary, because the properties of 
the deposited diamond layers depend heavily on the total gas flow and the exact gas 
composition [sch93, zea97]. To adjust the acetylene flow fac,d for the desired  


















Figure 2.1: Schematic representation of an oxyacetylene welding flame under (a) neutral 
and (b) acetylene rich conditions; primary flame front and acetylene feather are indicated in 
the picture; the outer flame, which surrounds the flames as shown in the picture, is not drawn. 
 
 
supersaturation Sac, first fac,n is determined by sight, by reducing the acetylene flow of 
an acetylene-rich flame to find the neutral flame, i.e. the point where the acetylene 
feather just disappears. From fac,n and Eq. (2.1) fac,d can then be calculated and set. 
 
The second unit of the deposition set-up is the substrate holder. On top of a stainless 
steel housing, a substrate, consisting of a molybdenum square soldered onto a molyb-
denum hat-shaped block, is clamped by means of a stainless steel ring. Diamond 
deposition takes place on the molybdenum square, the dimensions of which are ap-
proximately 12×12×0.5 mm3. The substrate temperature Ts has a large influence on 
the properties of the deposited diamond [han91, sch93, zea97, berg98, gar98]. To 
keep the substrate at a well-defined temperature and to absorb the large heat load from 
the flame, a feedback cooling system is used. A thermocouple measures the tempera-
ture Tth at 2.5 mm below the centre of the square, which is about 125 °C lower than 
the temperature on top of the substrate, Ts, as has been checked by means of an opti-
cal pyrometer. Tth is read out by a control unit, which compares it with a preset tem-
perature equal to 900 °C for most of the growth runs. If Tth is higher, a signal is sent 
to a magnetic valve in the cooling water circuit, and a pulsed water spray, coming 
from a nozzle inside the steel housing, is launched against the bottom of the molybde-
num hat. If Tth comes below the preset value the pulsed spraying is stopped. Used 
cooling water and steam can leave the housing via some drains. By means of the cool-





























Figure 2.2: Oxyacetylene flame CVD set-up for diamond deposition; MFC = mass flow 
controller, d = distance between the flame front and the substrate, and Mo = molybdenum; 
the double-headed arrow indicates the possibility to adjust the distance between the burner 
head and the substrate. 
 
 
Besides the total gas flow, the supersaturation Sac and the substrate temperature Ts, 
another important parameter that determines the properties of the diamond deposits is 
the distance between the tip of the primary flame front and the substrate. This dis-
tance, d, can be set by vertical positioning of the burner and is determined by either a 
cathetometer or a CCD camera [kle95]. In the latter case an image of the natural flame 
emission is recorded. Then a vertical intensity profile through the tip of the primary 
flame front is made. The position of the flame front tip is chosen to be equal to the 
vertical position where the emitted intensity is 50% of the maximal value, the position 
of the substrate lies where the intensity is minimal. If the camera is calibrated, d fol-
lows from the measured distance between the two positions. 
 
 
2.1.3 Description of a typical growth run 
A growth run starts with the pre-treatment of the sample. The molybdenum substrate 
is subsequently scratched with sandpaper and a paste of glycerol and µm sized dia-
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it is washed with water, dried and mounted onto the substrate holder. The flame is ig-
nited, set at approximately the desired Sac and left to burn freely for at least 15 min-
utes to allow stabilization of the burner, gas flows and gas composition. Especially the 
composition of the acetylene flow varies a bit in the initial period due to nitrogen con-
taminants in the bottle [sch99]. Then the flame is set at the correct value of Sac, which 
is typically 4% or 5%. Just before deposition the substrate is cleaned with 2-propanol, 
and etched for one minute in the oxidising outer flame. The flame is positioned at the 
correct height above the substrate and diamond deposition takes place for a certain 
period of time, usually one hour. Then the maximum cooling capacity is employed to 
cool the substrate to Tth ≈200 °C, after which the substrate is removed from the flame 
and cooled to room temperature. 
 
 
2.2 Laser diagnostics during diamond deposition 
2.2.1 Laser-induced fluorescence 
Laser-induced fluorescence (LIF) is a sensitive species selective detection technique. 
It has been and is applied in many different environments, ranging from molecular 
beams [bee01] to atmospheric flames [shi00] and diesel engines [stof00], for species 
detection [rai97], concentration measurements [low99] and many other applications. 



















Figure 2.3: LIF principle; the horizontal lines are vibrational energy levels in the elec-













First, a species is excited by one or more photons from an initial vibration rotation 
state |v, J>, usually in the electronic ground state, to a vibration rotation state |v’, J’> 
in an excited electronic state. If undisturbed, the excited species relaxes after a period 
of time, typically in the order of 10 ns [hol82], to several lower lying energy states by 
emission of a photon: it fluoresces. Both the excitation and fluorescence wavelength 
depend on the molecular structure of the species, meaning that LIF detection is highly 
species specific. The LIF signal is linearly proportional to the species density in the 
initial state and, below a saturation limit, to the used laser power. This means that LIF 
can in principle be used to measure absolute concentrations. At sufficiently low pres-
sures this is possible, as, in the case of diamond CVD, has been done for OH in a low 
pressure flat oxyacetylene flame [low99]. At atmospheric pressure quantification of 
LIF signals is very hard or impossible due to collisions of the excited species with 
other species. If such a collision takes place, the probability of which increases with 
increasing pressure, the excited species may make a transition to a lower electronic 
state without the emission of light. This process, called collisional quenching, causes 
a loss factor in the fluorescence intensity with a magnitude that is generally not 
known and therefore prevents determination of the concentration. Unless sufficient 
information about the quenching process is known or calibration of the LIF intensity 
is possible [shi00], LIF can provide semi-quantitative results at best, meaning that 
signals measured under nearly identical conditions can be compared relative to each 
other. Another drawback of LIF is that not all species fluoresce. CH3, e.g., which is 
thought to be important in diamond CVD, does not and can therefore not be detected 
with LIF. 
A nice feature of LIF is that excitation does not necessarily have to take place along a 
line. By using a system of cylindrical lenses the exciting laser beam can be trans-
formed into a laser sheet, resulting in the excitation in a plane instead of along a line. 
In combination with a CCD camera two-dimensional distributions can be measured 
relatively easily. Two-dimensional LIF was used for the measurements on the CN 
radical described in chapter 6 and 7. 
 
A schematic representation of the two-dimensional LIF set-up can be found in figure 
2.4. Excitation is done by means of a Nd:YAG-pumped dye laser, the output of which 
can be frequency doubled (in the case of the experiments in chapter 6 and 7 the wave-
length of the used radiation lies around 358 nm). The laser beam is transformed into a 
sheet by means of cylindrical lenses. While traversing the flame, this sheet excites CN 
in a plane. The intensity of the laser beam is monitored by means of a photomultiplier 
tube (PMT) to check the laser power. The LIF signal is detected at right angles by 
means of a Peltier-cooled image-intensified CCD camera. Gated detection with this 
camera helps to reduce the large emitted background of the flame by a factor of 5·106. 
Filters in front of the camera that transmit the desired fluorescence transitions give a 
further reduction of the background radiation. Correction for the remaining back-
ground signal, which consists of strongly reduced natural flame emission and possible 
non-resonant fluorescence from other species, is done by measuring the LIF signal 
with the laser wavelength resonant and off resonant with the excitation wavelength. 
Diamond deposition and characterization 
 17 
 




The off resonant image does not lead to excitation of the studied species thus giving 
only the total background signal. Subtracting this from the resonant image yields the 
corrected signal. Due to the proportionality of the LIF signal to the laser power the 
remaining signal has to be corrected for the vertical inhomogeneous intensity distribu-
tion of the laser power, because this gives a distorted LIF distribution. For this correc-
tion the vertical intensity distribution is determined from an off resonant image re-
corded of a flame with a very high value for Sac (>>10%). Dividing the background-
corrected LIF signal by this vertical intensity distribution gives the final corrected LIF 
distribution. The complete correction procedure is shown in figure 2.5. 
 
 
2.2.2 Cavity ring down spectroscopy 
Cavity ring down spectroscopy (CRDS) is a sensitive absorption technique, which 
was first published by O’Keefe and Deacon [kee88], and has been developed and ap-
plied ever since. It can be performed with different experimental schemes, which can 
be found in a recent and thorough review by Berden et al. [ber00]. For pulsed CRDS, 
which was applied for the experiments in this thesis, a light pulse is coupled into a 
stable non-confocal cavity consisting of two plano-concave mirrors with a high reflec-
tivity. Inside this cavity the light moves back and forth between the mirrors and at 















Figure 2.5: Illustration of the correction method of raw LIF data (a), showing the sub-
traction of an off-resonant background image (b) and a division by the vertical intensity dis-
tribution of the laser power (c), resulting in the final intensity distribution (d). 
 
 
coupled out at each of the cavity mirrors decays exponentially in time, as described by 
[ber00]: 
 




−ν∝ ∫∞ dtexpItI 0  ,    (2.2) 
 
where I(t) is the total outcoupled intensity at time t, I(ν) is the incoupled light 
intensity at frequency ν and the integral is over the entire frequency range; τ is the 1/e 
cavity ring down time, which characterizes the outcoupled ring down transient and is 
given by: 
 











ν+⋅νσ+ν=τ ∑ ∫ ∑  ,  (2.3) 
  
where L, c and R are the cavity length, light speed and the mirror reflectivity, respec-
tively; σi is the absorption cross-section of species i and Ni its concentration, which is 
integrated over the entire cavity length; Sj are cavity loss terms originating from 
sources other than absorption. In an empty cavity (vacuum) the two summations in 
(2.3) are zero, meaning that τ depends only on L, c and R. Figure 2.6 illustrates the 
way in which τ is determined from a measured ring down transient. A transient, re-
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Figure 2.6: (a) ring down transient recorded from an empty cavity; the two time windows 
are used for setting the baseline and the part of the transient that is used for determining τ; 
(b) logarithmic plot of (a) made after subtraction of the background (grey line), together with 
a linear fit to the signal inside the right-hand time window shown in (a) (dashed black line). 
 
 
windows are set over it: one defines the baseline and one sets the part of the decay 
curve that will be used for the determination of τ. 
 
The baseline value is subtracted from the complete transient and the natural logarithm 
of the remaining signal is taken. The result of this procedure is depicted in figure 
2.6.b. From Eq. (2.2) it is clear that τ follows from a linear fit to figure 2.6.b (it is 
equal to the inverse of the absolute slope). The fit, which is made to the part of the 
transient that is selected by the gate set over it, is shown in the figure. It coincides 
with the plot from the onset of the transient until the part where the intensity of the 
signal has decayed below 1% of the maximum value, meaning that the transient 
shows a single exponential decay. 
 
When mirrors with a (very) high reflectivity are used τ can become rather long and 
the light travels many passes inside the cavity before the outcoupled intensity has de-
creased to 1/e times its initial strength. As an example: for a cavity length of 1 m and 
a mirror reflectivity of 99.9%, τ becomes 3.3 µs and the light travels 1 km. With a re-
flectivity of 99.999%, which is the best value that is currently available in the visible 
range, the length of the light path becomes even 100 km. This illustrates the enormous 
absorption pathways attainable with CRDS, which are much larger than the ones in 
conventional absorption spectroscopy. Another advantage of CRDS over direct ab-
sorption is the fact that measured results do not depend on the used laser power, be-
cause τ is determined from the decay of the light intensity that is coupled out of the 
cavity and not from the intensity itself. Therefore, CRDS does not suffer from the 
pulse-to-pulse fluctuations that are inherent to the use of pulsed laser systems. 
For measuring the concentration of a species inside a cavity, it is necessary to find an 


















in a narrow wavelength region, the summation over Sj in (2.3) can be assumed to be 















LN  ,     (2.4) 
 
where τon and τoff are the cavity ring down times measured on and off resonant with 
the used absorption. For the calculation of the absorption cross-section σ, the line-
shape of the absorption lines must be taken into account. For the experiments  
described in this thesis, the shape was either Gaussian or Lorentzian. In the case of a 
Gaussian line profile, which was observed for the CH measurements described in 










=σ  ,     (2.5) 
 
where BN is the Einstein absorption coefficient of the measured absorption, h is 
Planck’s constant, ν is the frequency of the transition and ∆νG is the linewidth 
(FWHM) of the Gaussian absorption line. For the experimental conditions under 
which the CH measurements were performed, ∆νG is composed of two terms, namely 
















−  .  (2.7) 
 
In Eq. (2.7) k is Boltzmann’s constant, T is the temperature in K, and m and M are the 
radical mass in kg and amu, respectively. 
 A Lorentzian line profile was observed for the measurements on C2 and CN de-










=σ  ,      (2.8) 
 
where ∆νL is the Lorentzian linewidth.  
The laser bandwidths used for the CRDS experiments are 0.25 cm-1 and 0.76 cm-1 for 
the Gaussian and the Lorentzian beam, respectively. From literature it is known that if 
the laser bandwidth is not much smaller than the linewidth of the absorption lines, the 
ring down transient shows a multi-exponential decay [jon95]. The reason for this is 
Diamond deposition and characterization 
 21 
Time (ns)
that in the frequency domain, certain frequencies overlap with the absorption line and 
others do not. Those that overlap result in transients with a certain decay, those that 
do not in ones with a slower decay. This means that the overall transient, which is the 
sum of all transients from the entire laser pulse, consists of components with different 
decay times. Therefore, the logarithmic plot that is used for the determination of τ is 
not linear, as is shown in figure 2.7: quite rapidly, there is a deviation between the 
transient and a linear fit to the initial part of it. The consequence of this bandwidth 
effect, which is also known for conventional direct absorption, is that the absorption 
and concentrations calculated from it are underestimated, meaning that the measured 
values provide a lower limit for the actual ones. For the measurements described in 
this thesis, the logarithmic plots of the ring down transients were found to be linear 
over at least 3 times τ, which means that the bandwidth effect is not expected to dis-













Figure 2.7: Logarithmic plot of a multi-exponential ring down transient (grey line), to-




For systems with a homogeneous concentration distribution inside the cavity, the ab-
solute concentration of species i in the vibrational energy level v and the rotational 
level J of the initial electronic state, can be found by dividing NLv,J by the cavity 
length L. For systems with an inhomogeneous distribution, such as the oxyacetylene 
flame under examination in the present thesis, division of NLv,J by L gives an average  
concentration. In that case the spatial concentration distribution can be resolved by 
means of tomographic techniques. If the system under investigation is spherically or 
cylindrically symmetric, as is the oxyacetylene flame, Abel inversion is a useful to-
mographic technique. Radial distributions in circular cross-sectional planes can be 
resolved. In the case of oxyacetylene flame CVD of diamond these are horizontal 





















Figure 2.8: Top view of a circular cross-section of a cylindrically symmetric concentra-
tion distribution, showing a set of laterally displaced line-of-sight measurements; from this 
set the radial concentration profile can be determined by Abel inversion; the lateral direction 




distributions, a set of laterally displaced line-of-sight concentrations ranging from the 
symmetry axis to the outer edge of the distribution is required (figure 2.8).  
 
Such a set is obtained by measuring τon and τoff at different lateral positions y and cal-
culating NLv,J for each position with (2.4). The resulting column densities are plotted. 
For performing Abel inversion the obtained column density profile must be expressed 
in terms of an analytical representation F(y). The concentration Nv,J(r) at any radial 
position r can then be calculated by analytical solution of [zal95]: 
 













π= ∫  ,   (2.9) 
 
in which rc is the radius of the outer edge of the concentration distribution, where the 
concentration becomes zero. By calculating Nv,J(r) at a number of radii, the radial 
concentration profile is obtained.  
 
For the measurements in this thesis the NLv,J-profile is fitted with a single polynomial 
or, if no good fit can be obtained, with two. An example of a single polynomial fit to a 
set of data points is given in figure 2.9. The fit should give a good representation of 
the NLv,J-profile and must therefore reflect the cylindrical symmetry of the system. As 
can be seen in the figure this is achieved by including mirror images of data points 
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Figure 2.9: Fitting of CH column densities; the data points and their mirror images with 
respect to the flame axis (solid squares) are fitted with a single polynomial (solid line); the 
result of the Abel inversion of the shown data set can be found in chapter 3. 
 
 
that the slope of the fitted function at the symmetry axis is zero, which can be ex-
pected for a realistic species distribution. 
 
The |v, J> state species concentrations obtained from Abel inversion can, under the 
assumption of thermal equilibrium, be converted to the total population of the elec-
tronic state with: 
 

















=  , (2.10) 
 
where N0(r) is the total population of the initial electronic state at radial position r, 
E(v) and E(J) are the vibrational and rotational energies of the initial (v, J) level; k is 
Boltzmann’s constant, T(r) a radial temperature profile, and Qvib and Qrot are the vi-






















Figure 2.10: Basic CRDS set-up used for the measurements described in chapters 3,4 and 




The basic experimental set-up used for the CRDS experiments described in chapters 3 
(CH), 4 (C2) and 8 (CN) of this thesis is depicted in figure 2.10. Light pulses are gen-
erated with a Nd:YAG-dye laser combination. The laser beam passes through a pin-
hole which selects a small part of the beam. This is coupled into the cavity, which is 
formed by two plano-concave highly reflecting mirrors. A PMT with a fast rise time 
is used to detect the outcoupled light transient and is connected to a fast (250 Msam-
ples/s) 8 bits digital oscilloscope (Lecroy 9361). The scope is read out by a computer 
equipped with software designed for CRDS data acquisition and analysis [jon95]. Ad-
aptations to this basic concept for the measurements on specific radicals and further 
experimental details are described in the corresponding chapters. 
 
 
2.3 Solid state characterization of the diamond layers 
2.3.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) is one of the most used tools for studying dia-
mond films. It is a widely applied, well-established technique to obtain valuable in-
formation about layer morphologies. As an illustration SEM images taken at two ra-
dial positions of a sample are shown in figure 2.11. Detailed studies of crystallite sur-
faces can be performed [the01], which can provide a deeper insight into growth 
mechanisms. Another interesting way of applying SEM in CVD diamond research is 
the examination of cross-sections of diamond layers on their substrate [the01], from 










Figure 2.11: SEM images of two different regions of a diamond layer grown with Sac=4%, 
d=2.1 mm, and Ts=1050 °C, showing (a) the morphology in the central area of the layer, and 
(b) the outer part of the annulus of enhanced growth and roughness, which is surrounded by a 








2.3.2 Raman spectroscopy 
The principle of Raman spectroscopy is relatively simple [ren97]. Laser light is shot 
on a material. Some of the photons scatter from it and induce vibrations in it. In doing 
so the photons loose energy, meaning that scattered photons are frequency-shifted 
with respect to incident ones. Dispersion of the scattered light results in a spectrum, 
which gives, due to the relation between the frequency shifts and the vibrations, a 
great deal of information about the examined sample. 
Good papers on the application of Raman spectroscopy in CVD diamond research 
have been published by Knight and White [kni89], by Bonnot [bon90], and by Bach-
mann and Wiechert [bac92]. When applying Raman spectroscopy to study diamond 
films, the presence of diamond follows from its sharp peak at a frequency shift (Ra-
man shift) of 1332.5 cm-1 [sol70]. Also the presence of a number of other carbon 
compounds, such as graphitic carbon or amorphous carbon, can be read from the 
spectrum. Generally, the Raman cross-section for graphitic carbon is 50 times larger 
than that of diamond [kni89]. This makes Raman spectroscopy a sensitive tool for the 
purity of the diamond, because relatively small amounts of graphitic carbon are al-
ready visible in the spectra. An example of a Raman spectrum of a CVD diamond 
layer, in which the diamond peak together with a number of other Raman features can 




The diamond peak is more than just an indicator of the presence of diamond. Its exact 
Raman shift gives information about the (local) stress in the layer [kni89, age93], 
whereas its width is related to the crystallographic order of diamond [kni89, age91]. 
The peak width of the diamond Raman peak can therefore be used as a measure for 
the diamond quality [zea97]. Another parameter that deals with diamond quality is the 
quality factor Q [sch93], defined as 1000 times the area of the diamond peak divided 
by the area of the non-diamond background between 1100 cm-1 and 1700 cm-1. If the 
spectrum is recorded from a single crystallite in a layer, which can be the case for the 
small spotsizes used for micro-Raman spectroscopy, Q is a measure for the diamond 
quality of the crystallite. If the laser spot excites an area with a number of crystallites, 
the Raman signal comes from the crystallites as well as from the grain boundary ma-
terial in between them. In that case Q gives a measure of the overall quality of the 




Cathodoluminescence (CL) gives information about the nature of defects present in a 
material. A good overview of CL spectroscopy on point defects in diamond has been 
given by Collins [col92] and most of the known optical centres in diamond are listed 
by Clark et al. [fie92]. The following description of the principle of CL is based on 
the paper of Collins [col92]. In CL a high concentration of electron-hole pairs is gen-
erated in the sample under investigation by electron-beam excitation. Electrons and 
holes may recombine in different ways. Besides the direct recombination of electrons 
and holes, recombination can occur via capture of an exciton by many of the vibronic 
centres in diamond, followed by de-excitation accompanied with the emission of lu-
minescence. Because the decay time of many optical centres in diamond is short, even 
very small defect concentrations can emit bright luminescence, making CL a very 
sensitive detection technique for those defects. The CL signal comes from directly 
beneath the sample surface, for the measurements in this thesis 2 µm or less. Calibra-
tion of CL signals is very hard, making CL more a qualitative detection technique 
than one for quantification. In the experiments in this thesis two ways of performing 
CL have been used: CL topography and CL spectroscopy. Topography gives informa-
tion about the spatial distribution of defects, whereas spectroscopy reveals what de-
fects are present at a certain spatial position in the layer. 
 
 
2.3.4 X-ray diffraction 
X-ray diffraction (XRD) is a very powerful method to study many properties of mate-
rials and is used frequently in CVD diamond research. It can be used to identify 
whether diamond is present, to unravel the composition at a surface [glo97] or to 
study interlayers [fra00]. Apart from compositional studies XRD can also be applied 
for sophisticated texture analysis of diamond layers [fra00], in which e.g. the  
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Figure 2.12: Raman spectrum of a diamond layer grown with Sac=4%, d=2.0 mm and 
Ts=1050 °C and a nitrogen addition to the flame of 7 parts per thousand; the assignments of 
some features in the spectrum are indicated in the figure; a more detailed discussion of Ra-
man measurements can be found in chapters 5 and 7. 
 
 
influence of growth conditions on the relative presence of different diamond crystal-
lographic orientations is investigated [ayr00]. 
 
 
2.3.5 Optical microscopy to determine the thickness of the diamond layer 
Optical microscopy can be applied to measure a radial profile of the diamond layer 
thickness [sch93]. The used microscope should have a stage from which the relative 
horizontal and vertical position can be determined accurately. At positions on a hori-
zontal line, the vertical position at which the layer is in focus is determined. The first 
and last point of the line should be on the bare square molybdenum substrate to define 
two reference points on the substrate. Under the assumption that the substrate is flat, 
the height of the diamond layer at a certain position on the line can be determined by 
simple trigonometry. The accuracy of this method to determine the layer thickness is 
± 5 µm. If the deposition time is known, the diamond growth rate follows directly 
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Cavity ring down spectroscopy was applied as a laser diagnostic tool to measure CH radi-
cal concentrations in a diamond depositing oxyacetylene flame. CH column densities 
were determined during diamond growth at about 0.4 mm above the deposition substrate. 
By applying Abel inversion processing absolute concentration profiles are obtained, 
which are compared to diamond growth rate profiles. A correlation is found between the 
CH density distribution and the local growth rate. From this it can be concluded that the 





In spite of a large number of studies on flame assisted CVD of diamond, a technique re-
ported for the first time in 1988 [hir88], the diamond deposition mechanism in this 
method is still unknown to date. Information about this mechanism can be obtained from 
non-intrusive laser spectroscopic studies of the flame during diamond growth. Of the ap-
plicable techniques laser-induced fluorescence (LIF) [kle95, mat89, cap90] is probably 
the most powerful one, since it is molecule specific and highly sensitive, enabling the 
visualization of molecular density distributions in two dimensions. Unfortunately, LIF is 
not suitable for determining absolute concentrations. A relatively new and sensitive laser 
based absorption technique is cavity ring down spectroscopy (CRDS), which was pub-
lished first in 1988 [kee88] and has been developed up to date [mei94, jon95, eng96, 
sche97]. The method has been used to measure absolute CH3 concentrations in a hot 
filament diamond-CVD reactor [wah97]. We applied CRDS to measure CH column den-
sities in a diamond-depositing oxyacetylene flame close to the substrate onto which the 
diamond was deposited. To our knowledge, these are the first CRDS measurements dur-
ing diamond growth at atmospheric pressure. In this paper first a short description of the 
diamond deposition and CRDS set-up will be given. Hereafter, CRDS measurements of 
CH at different deposition conditions will be presented. From the measured CH column 
densities, absolute concentrations were obtained by applying Abel inversion processing. 
These concentrations will be compared to diamond growth rate profiles. Furthermore, a 
comparison will be made between the measured CH column densities and previously re-





A schematic representation of the experimental set-up, which has been described exten-
sively by Schermer et al. [sch93], is given in figure 3.1. A mixture of oxygen (99.995% 
purity, Hoekloos) and acetylene (98% purity, Hoekloos) with a total gas flow of about 6 
standard liters per minute (slm), is burnt using a commercially available welding torch 
with an orifice of 1.3 mm. Diamond is deposited onto a molybdenum substrate. Four pa-
rameters mainly determine the quality of the diamond, namely the gas flow and composi-
tion of the gas mixture, the temperature of the substrate and the distance of the inner 
flame cone with respect to the substrate. The composition of the combustion mixture is 
described by the parameter Sac, which is defined as the extra acetylene flow in the flame 
with respect to the stoichiometric flame relative to the acetylene flow in the latter. For all 
experiments described here Sac is 5%. Mass flow controllers are used to keep the gas 
flows constant. The substrate temperature was kept constant at 1025 °C ± 15 °C for all 
measurements. The distance d between the inner cone of the flame and the substrate is 
varied, and is determined by using an intensified CCD camera in a way described by 
Klein-Douwel et al. [kle95]. 
























Figure 3.1: Schematic representation of the experimental set-up; PMT = photomultiplier 
tube; double arrows denote directions of positional adjustment. 
 
 
The set-up used for the cavity ring down measurements is shown in figure 3.1 as well. 
CRDS is based upon the decay of a laser pulse inside an optically stable cavity formed by 
two plano-concave highly reflecting mirrors. After incoupling in the cavity, the pulse is 
reflected many times between the mirrors. The intensity of the outcoupled signal shows 
an exponential decay in time. This decay is characterized by the 1/e ring down time τ, 
which depends on the reflectivity R of the mirrors, the distance L between the mirrors and 
the presence inside the cavity of species that reduce the intensity of the laser pulse e.g. by 
absorbing or scattering light [jon95]: 











+⋅νσ+ν=ντ ∑ ∫ ∑  , (3.1) 
where c is the speed of light and ν the frequency of the laser light. The first summation is 
over all absorbing species i with absorption cross sections σi, with the integration over the 
entire length of the cavity; the second summation is over all losses other than the ones 
described by the first summation (e.g. scattering). It is important to note that τ does not 
depend on the intensity of the laser beam, meaning that the measurement of concentra-
tions is not hampered by fluctuations in the laser power, which is a major advantage of 
CRDS over direct laser absorption. By determining the ring down times at an absorption 
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peak of a certain species and at the baseline (on and off resonance, respectively), the ab-
sorption by the species can be obtained. 
CH is detected by inducing the A2∆, v’=0 ← X2Π, v”=0 transition at 430.4 nm. A 
Nd:YAG laser (Quantel YG 781C10) operating at 10 Hz with pulses of 7 ns is used to 
pump a Stilbene 420 dye laser (Quantel TDL-50) with a bandwidth of 0.25 cm-1. The re-
flectivity of the plano-concave cavity mirrors (Laser Optik, radius of curvature 25 cm) 
was determined to be 0.997 at 430 nm. Together with the cavity length of 40 cm this re-
sulted in a ring down time of the empty cavity of 400 ns. 
 
A scan of the laser beam through the flame is made by selecting a 1.1 mm narrow beam 
out of the total laser beam by means of an extra-cavity pinhole which can be positioned 
accurately in horizontal and vertical direction. In this way, a scan can be made over 4 mm 
from the axis without the need of changing the position of the incident laser beam. The 
alignment of the cavity is retained by adjusting the position of the mirrors each time the 
pinhole has been moved. Measurements are performed at different distances d between 
the flame front and the substrate. In every experiment the laser beam transmitted through 
the pinhole is aligned as close to the substrate as possible, in order to measure concentra-
tions close to where the diamond formation takes place. Acquisition of the signal at the 
outcoupling mirror is performed using a fast photomultiplier tube (Thorn-EMI 9863 
QA/350) coupled to an 8 bits 250 Msamples/s oscilloscope (Lecroy 9361). The oscillo-
scope is read out by a PC equipped with specially designed software to determine ring 
down times [jon95]. Starting at the flame axis, measurements are performed in one lateral 
direction in a horizontal plane with steps of 0.5 mm up to 4 mm from the axis. Each 




3.3 Results and discussion 
Figure 3.2a shows profiles of CH column densities in a horizontal plane as a function of 
the lateral position in the flame for two different values of d, measured by means of 
CRDS during diamond deposition. On the flame axis at an average height of 0.44 mm 
above the substrate, the CH column densities are 1.3·1012 cm-2 for both values of d. These 
column densities may be compared to results reported by Welter and Menningen [wel97] 
for an experimental set-up similar to ours. These authors have applied conventional ab-
sorption spectroscopy to measure CH column densities as a function of the height above 
the substrate at different values of Sac. Because in their experiments a burner tip with an 
orifice of 1 mm diameter was used, the column densities reported by Welter and Mennin-
gen must be multiplied by a factor 1.3 to correct for the difference in absorption path 
length between their results and the ones described in this paper. At Sac=4% the meas-
urement closest to the deposition substrate was performed at a height of 6 mm, where a 
CH column density of about 1·1013 cm-2 was obtained, which yields a corrected value of 
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Figure 3.2:  (a) CH column densities as a function of the lateral position in the flame, meas-
ured by CRDS for two distances between the conical flame front and the substrate; (b) CH densi-
ties of (a), normalized with respect to the laser path length through the flame. 
 
 
1.3·1013 cm-2. In view of the observed strong decay of the CH density with decreasing 
height above the substrate, this value is not in disagreement with our results. 
 
From figure 3.2a it can be seen that the column densities decrease with increasing dis-
tance from the flame axis. This is partly caused by the path length of the laser beam 
through the flame, which decreases as (rc2-r2)1/2, where rc is a cut-off radius defining an 
area outside which the CH concentration is taken to be zero and r is the (radial) distance 
from the flame axis. For the analysis of the present data, rc is taken equal to the outermost 
measured data point. Figure 3.2b shows the profiles of figure 3.2a, corrected for this dif-
ference in path length, yielding normalized column densities. In the case of a homogene-
ous CH distribution, these profiles should be constant, which is clearly not the case. In 
order to deduce the inhomogeneous CH distribution an Abel inversion was performed on 
the CH column density profiles, which is possible because of the cylindrical flame sym-
metry. Hereto, the column densities of figure 3.2a together with their mirror images in the 
flame axis were fitted with polynomials, which were Abel-inverted to yield the local CH 
density N(r) by analytically solving [zal95]: 
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Figure 3.3:  Absolute CH concentration profiles (left ordinate), obtained from the profiles of 
figure 3.2a by Abel inversion, together with diamond growth rate profiles of the deposited dia-
mond layers (right ordinate); the solid lines indicate the growth profiles, the solid squares the 
absolute CH concentrations and their mirror images with respect to the flame axis. 
 
 














π= ∫  ,   (3.2) 
 
where F(y) is the fitted polynomial and y the distance with respect to the flame axis. The 
inversion was performed on the column density profiles of figure 3.2a, resulting in the 
distributions, which are shown in figure 3.3 together with growth rate profiles of the dia-
mond layers deposited during the measurements. As mentioned, rc is set at the position of 
the outermost data points. In figure 3.2a it can be seen that the CH concentration at these 
points is not zero, which means that the CH concentrations in figure 3.3 are a lower limit 
of the actual ones. This underestimation of the concentration is expected to be small, be-
cause for both measurements rc lies at a position in the column density profiles, where the 
column densities steeply decrease to zero. This means that the actual cut-off points will 
not be much further away from the flame axis than the used ones. The growth rate pro-
files, which were measured along the path of the laser beam at y=0 mm (i.e. through the 
flame axis), show the same dependence on d as the ones reported before by Klein-Douwel 
et al. [kle98a]: an elevation in the centre at low d values, which is not seen at higher ones, 
and an annulus of enhanced growth. 
 
In the concentration profiles in figure 3.3, a noticeable feature appears: a wing of en-
hanced concentration. Klein-Douwel et al. [kle95] reported equal wing-like features in 
two-dimensional LIF profiles of CH measured in the same experimental system under 
similar experimental conditions. One of their CH LIF profiles is shown in figure 3.4a. In 
order to compare this profile, taken during diamond deposition at 1.20 mm, to CH  
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Figure 3.4: (a) CH LIF profile, recorded during diamond deposition at d=1.20 mm by 
Klein-Douwel [kle95]; (b) Comparison of a path-integrated LIF signal, derived from (a) 
using Eq. (3.3), and a CRDS profile measured during diamond deposition with d=1.37 
mm, with a height of 0.73 mm between the laser beam and the substrate. 
 
column density profiles, a path-integrated distribution profile was derived from the LIF 
profile.  
This was done by fitting a nine-term polynomial to it and transforming the obtained 


























y)y('F  ,   (3.3) 
where F’(y) is the integrated LIF signal at position y from the flame axis and P is the 
polynomial; ϕ is an angle that is related to y via ϕ=arccos(y/rc). The result is shown in 
figure 3.4b, displaying a CRDS profile measured during diamond deposition at d=1.37 
mm, the height of the laser beam above the substrate being 0.73 mm, and the signal de-
rived from the LIF measurements, which was scaled to the CRDS profile at y=0 mm. The 
LIF-based curve in figure 3.4b shows a good agreement with the CRDS data, which leads 
to the conclusion that the LIF measurements yield reliable relative CH concentrations that 
can be calibrated by a comparison with the CRDS results. 
On closer inspection of figure 3.3 it is seen that the position of the annulus of enhanced 
CH concentration and that of enhanced growth coincide. A similar behaviour has been 
observed for the CN radical by Klein-Douwel et al. [kle98b], who demonstrated that this 
radical may play a role in the formation of the annulus. The similarity between the 
distributions of CN and CH gives rise to the suggestion that CH, like CN, may play some 
role in the formation of the annulus. A possible reason for the similarity of the CH and 
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in the formation of the annulus. A possible reason for the similarity of the CH and CN 
distributions could be a reaction or reaction scheme in which CH is a precursor of CN.  
One reaction scheme in which this may be the case is the prompt NO mechanism, which 
is one of the pathways for NOx formation in hydrocarbon combustion [fen79, war96]. In 
the first step of this mechanism CH reacts with atmospheric nitrogen to give HCN 
[war96]: 
   CH + N2 → HCN + N    (3.4) 
HCN reacts further to NO or N2 in a number of steps, in which CN is one of the possible 
intermediate species. Another possibility to link the CH distribution to that of CN is the 
reaction [war96]: 
   CH + N → CN + H   (3.5) 
in which CN is formed directly from CH. The question whether CH is actually of impor-
tance in the formation mechanism of the annulus of enhanced growth and, if so, what its 




It has been demonstrated that cavity ring down spectroscopy, after its application in a hot 
filament CVD reactor at low pressures [wah97], can be used to perform measurements in 
diamond depositing systems at atmospheric pressures as well. The obtained CH column 
densities on the flame axis at about 0.44 mm above the substrate seem not in disagree-
ment with densities measured using conventional absorption spectroscopy by Welter and 
Menningen [wel97]. Absolute CH concentration profiles that were deduced from column 
density profiles by applying Abel inversion processing, show annular structures of en-
hanced concentration, the position of which coincides with that of the annulus of en-
hanced growth. This may indicate a role of CH in the formation mechanism of enhanced 
growth areas, which makes closer investigation of the CH radical in relation to flame-
assisted CVD relevant. The obtained concentration profiles are in agreement with previ-
ous LIF measurements on CH, thus offering a calibration method for the LIF results. 
CRDS measurements on other species in the oxyacetylene flame are in progress. 
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Chapter 4: Absolute concentrations of the C2 radical 
in the A1Πu state measured by cavity ring down spec-




Measurements of absolute concentrations of C2 (A1Πu) in an atmospheric oxyacety-
lene flame are presented. Cavity ring down spectroscopy (CRDS) was applied to 
measure lateral column density profiles at a number of vertical positions. By means of 
Abel inversion processing and estimated radial temperature profiles, the column den-
sities were converted to absolute concentration profiles, which have central maxima 
with peak concentrations between 1.6·1015 and 4.0·1015 m-3. Comparison of the meas-
ured A state concentration profiles with calculated ground state C2 profiles supports 
an earlier suggestion that the gas-phase mechanism used in the calculations needs im-
provement. This work demonstrates the applicability of CRDS for measuring absolute 
concentrations of electronically excited species in atmospheric flames, a result which 





Knowledge of absolute concentrations of combustion intermediates in flames is im-
portant for unraveling the combustion chemistry. In recent years, many studies con-
centrated on measuring intermediate species in flames by spectroscopic techniques, 
which are suitable for investigating the complex combustion environment in a non-
intrusive way [che99]. Laser-induced fluorescence (LIF) is, in case of fluorescent spe-
cies and dark background, the most sensitive one of these techniques and has the addi-
tional advantage that it can be used to measure, in a relatively simple way, two-
dimensional spatial distributions with a high spatial resolution [all86, kle95]. Sensi-
tive detection in flames, which have a highly radiating background, is enabled by the 
use of gated fluorescence detection and background subtraction [kle95]. At low pres-
sure, linear LIF can be applied to obtain absolute densities, as has been demonstrated 
by Luque et al. [luq97], who measured C2, C3 and CH radicals in a dc-arcjet at low 
pressure. At atmospheric pressure, however, quantification of LIF signals is rather dif-
ficult or even impossible due to collisional quenching. Therefore, density profiles ob-
tained at atmospheric pressure are usually semi-quantitative at best [kle98]. 
 
Most suitable for quantitative measurements are absorption techniques, such as direct 
absorption [wel97], intracavity laser absorption spectroscopy [che97] and cavity ring 
down spectroscopy (CRDS). CRDS, which has recently been reviewed profoundly 
[ber00], has been used to measure several combustion intermediates in very diverse 
environments, e.g. OH in a low pressure methane/air flat flame [che98], CH in a 
methane/air flat flame at atmospheric pressure [eve99] and in an atmospheric oxya-
cetylene flame used for diamond deposition [sto99], and CH3 in a hot filament dia-
mond chemical vapor reactor [zal95]. Up-to-date, few reports have appeared about 
measurements of excited state species in flames, although such measurements can 
give important information about the role of such species in combustion chemistry. 
Despite the fact that their concentrations are usually small, this role may be significant 
if they are highly reactive. Measurements on excited state species can indicate whether 
or not they should be accounted for in numerical simulations of combustion processes, 
in which they usually have not or hardly been included so far. 
 
In this paper, we report CRDS measurements on the C2 radical in the excited A1Πu 
state as present in an oxyacetylene flame. To this purpose, the (1,0) vibrational band 
of the C1Πg ← A1Πu Deslandres-d’Azambuja transition is used, which has been ap-
plied for C2(A) detection before by other authors. Luque and co-workers [luq98] 
measured a C2(A) number density in a low-pressure dc arcjet diamond reactor. Fir-
chow and Menningen [fir99] detected a weak absorption in an atmospheric oxyacety-
lene flame, which lies at the same wavelength as the (0,0) vibrational bandhead of the 
C1Πg ← A1Πu transition, but it could not be positively identified due to insufficient 
experimental spectral information. From the absorption they determined a C2(A) col-
umn density. Our measurements are performed at atmospheric pressure and yield ra-
dial profiles of absolute C2(A) concentrations at a number of vertical positions in the 
flame. 
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4.2 Experimental  
A schematic representation of the experimental set-up is shown in figure 4.1. The 
oxyacetylene flame comes from a commercially available welding torch fitted with a 
tip with an orifice of 1.3 mm in diameter. Stabilization of the flame is achieved by 
cooling the tip with a water-cooled cold finger and by putting a molybdenum surface 
with a temperature of 600 °C at 2.8 cm below the tip to reduce the influence of 
draught. This distance of 2.8 cm is large enough to assure that the surface does not 
affect the measurements. Acetylene of 99.6% purity and oxygen of 99.995% purity, 
both purchased from Indugas, are used to feed the flame. Mass flow controllers 
(MFC) are used to regulate the gas flows. The oxygen flow is kept constant at 3 slm 
and the acetylene flow is adjusted in such a way that the supersaturation of the flame 
(Sac) is 6%, which results in a total gas flow of about 5.5 standard liters per minute 
(slm). Sac is defined as the difference in acetylene flow of the operated flame and that 
of the neutral flame (neither acetylene nor oxygen rich), relative to the latter flow and 
with the same absolute oxygen flow [sch93]. 
 
For measuring the excited state C2 distributions, the (1,0) vibrational band of the C1Πg 
← A1Πu Deslandres-d’Azambuja transition with a band head at 360.73 nm [pea76] is 
used. Laser radiation with a wavelength suitable for the measurements is generated by 
frequency doubling the output of a Nd:YAG pumped dye laser (Spectra Physics 
Quanta Ray DCR-11 and Spectra Physics Quanta Ray PDL-2, respectively), with Pyri-
dine I as a dye. The laser bandwidth is 0.76 cm-1. A pinhole (PH) with a diameter of 1 
mm is used to select a small spot out of the laser beam, which is coupled via a lens (L) 
(f=290 mm) into a non-confocal optical cavity formed by two highly reflective (HR) 
plano-concave mirrors (Laser Optik) with radius of curvature of 25 cm. The cavity 
length is 40 cm.  
Behind the back mirror of the cavity, a small fraction of the outcoupled laser light is sent 
to a CCD camera by means of a beam splitter and the rest is detected by a photomulti-
plier tube (PMT) with a short rise time. The PMT is connected to a digital oscilloscope 
(8 bits, 250 Msamples/s, Lecroy 9361), which is read out by a PC equipped with special 
software for performing CRD measurements [jon95]. The signal on the CCD camera is 
used to align the cavity and to check the alignment during the measurements. To enable 
spatially resolved measurements, the flame can be moved with respect to the laser 
beam by means of micrometer screws in lateral and vertical direction. The spatial 
resolution is determined by the laser beam waist and is 350 µm. 
 
In a CRDS experiment, the intensity of the signal that is coupled out of the cavity de-
cays exponentially and is characterized by the 1/e CRD time τ, given by: 
 

















Figure 4.1:  The experimental set-up used for C2 measurements in an atmospheric oxya-
cetylene flame, PMT = photomultiplier tube; the arrows indicate the two directions, vertical 
and lateral, in which the position of the burner can be set. 
 
 
where λ is the wavelength, L the cavity length, c the speed of light, R(λ) the mirror re-
flectivity; σi(λ) is the absorption cross-section for species i, Ni is the concentration of 
species i in the energy level from which the absorption takes place, integrated over the 
cavity length, and Sj are cavity losses other than those caused by absorption (e.g. scatter-
ing). 
Obviously, τ does not depend on the laser intensity and the sensitivity is limited only by 
R, σ and L (and the Sj terms). If the measurements are performed in a rather narrow 
wavelength range, all cavity loss terms other than line absorptions (e.g. Rayleigh scatter-
ing and broadband background absorption), can be considered constant. Therefore, the 
path-integrated absorption by a certain species in a specific energy level can be obtained 
from on and off resonance values of τ, measured in an appropriate narrow wavelength 
range. The effective mirror reflectivity Reff of the empty cavity, which is R together with 
the cavity losses due to scattering by air and dust particles, can be found from the empty 
cavity ring down time τ0:
   
( ) ( )[ ]λ−=λτ eff0 R1c
L .     (4.2) 
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Figure 4.2:  Part of the (1,0) vibrational band of the electronic C1Πg ← A1Πu Deslan-
dres-d’Azambuja transition of C2 measured by CRDS; the assignment is based on spectro-
scopic constants from Huber and Herzberg [hub79]; the arrow marks the P-branch transi-
tion of the J”=19 rotational level, which was used for the concentration measurements. 
 
 
The laser bandwidth of 0.76 cm-1 could give rise to the bandwidth effect [jon95], which 
results in a ring down transient that is not single-exponential and, as a consequence, in 
an underestimation of the species concentration. We found that our measured decay 
curves are single exponential over a time window of at least 3 times τ, which indicates 
that the bandwidth effect for the present measurements will be small. 
 
 
4.3 Results and discussion 
In figure 4.2 the CRD spectrum of C2 in the range 360.0 nm-360.8 nm is presented. For 
the assignment of the spectrum, spectroscopic constants from Huber and Herzberg 
were used [hub79]. The (1,0) bandhead at 360.73 nm [pea76] is clearly visible in the 
spectrum. For measuring the excited C2(A) concentrations, the P-branch rotational 
J”=19 line, which is marked in figure 4.2, was used. Spectra in the range 360.52 nm-
360.66 nm around the J”=19 line were measured at various vertical distances from the 
burner tip: at 3.75 mm from the tip, which means that the laser beam passes through 
the conically shaped primary flame front, which has a length of 6.5 mm; at 6.75 mm, 
where the laser beam passes just below the flame front; and at 8.25 mm and 10.5 mm, 
which are positions in the acetylene feather of the flame, well below the flame front. 
For each vertical position, a set of measurements in lateral direction on both sides of 
the center of the flame was performed with steps of 0.4 mm. 
Since the only difference between ring down times measured on and off resonance 
with an absorption line (τon and τoff, respectively) is due to the cavity loss caused by 




















L dl)l(NN ,      (4.4) 
 
in which Nv,J(l) is the concentration of the species in the v”, J”> level as a function 
of the longitudinal position. For the P-branch absorption by C2(A) in the v”=0, J”=19 
level, the absorption cross-section was calculated from theoretical data of Chaba-
lowski et al. [cha83]. Taking the width of the absorption lines of 0.76 cm-1 into ac-
count, it is found to be 1.2·10-18 m2. The lateral column density profiles that follow 
from the measurements at the four vertical positions in the flame are shown in figure 
4.3. For the measurement at 3.75 mm below the burner tip, a central minimum is sug-
gested. Such a minimum can be related to the fact that the laser beam traverses the 
flame front at this measurement position. Because C2 is produced in the primary flame 
front, little or no C2 is expected to be found in the space enclosed by the flame front, 
which should result in a lower column density in the center than at lateral positions 
some tenths of millimeters away from the center. 
 
The column density profiles in figure 4.3 can be converted to absolute concentration 
profiles of C2 in the v”=0, J”=19 level by applying Abel inversion processing. Hereto, 
an analytical solution of the Abel inversion integral in Ref. [zal95,sto99] is used. By 
feeding the coefficients of a polynomial fit to a NLv,J profile into this analytical solu-
tion, the corresponding Nv,J(l) profile is obtained. A single polynomial fit is used for 
fitting the complete NLv,J profile, after which the data left and right from the center are 
converted to the Nv,J(l) profile separately. After this, both halves are rejoined. In the 
case of the 3.75 mm sample only the points outside the primary flame front were fit-
ted, because no good polynomial fit to the column density profile as a whole could be 
made. 
 
Under the assumption of thermal equilibrium within the electronic A state, the total A 
state concentration NA(r) at any radial position can be calculated from the absolute 
concentration Nv,J(r) at that position with: 
 














=  ,  (4.5) 
 
where E(v) and E(J) are the vibrational and rotational energies of the v”=0, J”=19 
level, k is the Boltzmann constant, T(r) is the temperature at radial position r and Qvib 
and Qrot are the vibrational and rotational partition functions. 
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Figure 4.3:  Column density profiles of the v”=0, J”=19 level of the A1Πu electronic state 
as a function of the lateral position in the flame; the vertical positions at which the meas-
urements were performed, are indicated as distances from the burner tip; the lines connect-
ing the data points are drawn to guide the eye. 
 
 
It is obvious from Eq. (4.5) that a radial temperature profile for each of the vertical 
measurement positions is required for calculating NA(r). In literature, information on 
spatial temperature profiles in oxyacetylene flames at atmospheric pressure is scarcely 
available. Fortunately, Okkerse et al. [okk98, okk00] have performed two-
dimensional numerical simulations of a diamond-depositing oxyacetylene flame for a 
number of distances between the conical flame front and the substrate at an acetylene 
supersaturation of 5% (which is very close to the value of 6% we used). The calcu-
lated temperature and ground state C2 distributions for a distance of 2.6 mm [okk01], 
the largest distance for which simulations have been performed, are shown in figure 
4.4. The temperature distribution is used to estimate temperature profiles for our 
measurements, which were performed with a flame front to substrate distance of 2.15 
cm. Comparison of calculated temperature distributions with flame front to substrate 
distances of 1.6 and 2.6 mm indicates, that the position of the substrate does not seem 
to have a large influence on the temperature distribution at positions closely below the 
tip of the flame front and further upwards. This region includes the measurement posi-
tions at 3.75 and 6.75 mm below the burner tip and, therefore, calculated temperature 
profiles at these positions can be used as an estimate of the experimental profiles. The  






































































































Figure 4.4:  Results of numerical simulations of a diamond-depositing oxyacetylene flame 
performed by Okkerse and Kleijn [okk01]; the flame front to substrate distance is 2.6 mm 
and Sac is 5%; (a) two-dimensional temperature distribution displayed by isotherms; the indi-
cated temperatures are in K; (b) two-dimensional ground state C2 distribution displayed by 
isoconcentration lines; the concentrations are in mol·m-3. 
 
 
calculated profile at 8.25 mm from the burner tip is less appropriate for our condi-
tions, since the substrate has an influence on the temperature distribution at this posi-
tion. Still, this profile is used because it is the best one available. The profile at 10.5 
mm is obtained by extrapolation of the temperatures, horizontal and vertical positions 
of the profiles at 6.75 and 8.25 mm. The temperature profiles derived from the calcu-
lated temperature distribution in figure 4.4a are depicted in figure 4.5. 
 
Because the measured rovibronic level is a high rotational state, the influence of the 
temperature on the values of NA(r) is not extremely large. For the measurement with 
the largest temperature spread, which is the one at 3.75 mm from the burner, the use 
of a constant average temperature of 2500 K instead of the calculated temperature pro-
file, results for radial positions within 2.4 mm in total A state concentrations that dif-
fer from the present ones by less than ± 50%. For the other measurement heights, at 
which the calculated temperature profile is much flatter, the changes when using a 
constant temperature are within ± 20%. 
 
Figure 4.6 shows the concentration profiles of C2(A) for the different vertical dis-
tances from the burner tip, as obtained by using Eq. (4.5) with the estimated tempera-
ture profile. The left halve of the graphs in figure 4.6 represents the radial concentra-
tion profile NA(r) for lateral positions on the left-hand side of the flame axis, when 
viewed along the laser beam; the right halve represents the profile for positions on the  
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Figure 4.5: Radial temperature profiles constructed from figure 4.4a at the vertical positions 





















Figure 4.6: Absolute concentration profiles of C2 in the A1Πu electronic state; the verti-
cal positions corresponding to the symbols are indicated in the figure; the accuracy of the 




right-hand side. By using software of Laux [lau93] the accuracy of the concentrations 
is estimated to be within ± 40%. As explained above, the concentration profile at 3.75 
mm from the burner was not calculated for the central area. The profiles measured at 
the other heights have a central maximum. With increasing distance from the burner 
tip, the value of this maximum and the absolute radial drop-off of the concentration 
decrease. These three observations are also present in the calculated ground state C2 
distributions of Okkerse and Kleijn [okk01] shown in figure 4.4b.  
 
In figure 4.7, a comparison is shown of the measured A state and calculated [okk01] 
ground state profiles at 6.75 mm from the burner outlet, together with a a3Πu state 
profile, obtained from LIF data of Klein-Douwel [kle97], measured in a diamond-
depositing oxyacetylene flame under the conditions mentioned in the figure caption.  
 
The central maxima of the measured A state and the calculated profile are 4.0·1015 m-3 
and 6.0·1019 m-3, respectively, leading to the conclusion that the ground state concen-
tration at this position is about 15000 times larger than the A state concentration. With 
increasing radial distance, the calculated C2 profile falls off much faster than the 
measured CRDS and LIF profiles, the widths of which shows a very good correspon-
dence. A faster decrease of calculated C2 profiles with respect to measured LIF pro-
files has previously been reported by Okkerse et al. [okk00], who denote this observa-
tion as an indication that the degradation rate of C2 behind the flame front is not pre-
dicted correctly by the gas-phase mechanism used in the simulations. Our measure-
ments support their opinion that the gas-phase mechanism needs further study and op-
timization. 
 
Firchow and Menningen (FM) performed line-of-sight absorption measurements 
through the flame axis of a diamond-depositing oxyacetylene flame under various 
conditions [fir99]. For some conditions, they measured a weak absorption at 385 nm 
which they assign to the (0,0) vibrational bandhead of the C1Πg ← A1Πu transition 
with the remark, that a positive identification by measuring the rotational line spacing 
was not possible due to insufficient experimental spectral information. For one set of 
experimental conditions, with Sac=10%, they determined from the absorption at 3 mm 
above the deposition substrate a C2(A) column density of 1.7·1011 cm-2. This position 
in the flame corresponds to that of our measurements at 3.75 mm. For a comparison 
with FM, an A state column density at this position should be derived. The easiest 
way to do this would be an integration of the concentration profile at 3.75 mm, but, as 
has been discussed, no full concentration profile is available for this position. There-
fore, the central column density value for the v”=0, J”=19 level, which is 2.1·1010 cm-
2, is converted to an A state column density by using the Boltzmann factors from Eq. 
(4.5) with an average path-temperature of 2800 K. The resulting column density must 
be divided by 1.3, because we used a burner with a 1.3 mm orifice and FM one with a 
1.0 mm orifice [wel97]. After this, an A state column density of 4.7·1011 cm-2 is ob-
tained, which is 2.8 times the value reported by FM. Considering the differences be-
tween the experimental conditions of our measurements and those of FM and the  




















Figure 4.7: Comparison of the measured C2(A) profile (open squares) to the calculated 
ground state profile (black squares connected by a dashed line to guide the eye), which is 
obtained from figure 4b; both profiles are at a position 6.75 mm from the burner outlet; the 
solid line represents a LIF profile of C2 in the a3Πu state at 250 µm below the primary flame 
front; the profile is obtained from data of Klein-Douwel [kle97], which were measured in a 
diamond-depositing oxyacetylene flame with a flame front to substrate distance of 2.5 mm 
and an Sac of 5%; its maximum is scaled to that of the A state profile. 
 
 




4.4 Conclusions  
In this paper we have demonstrated that cavity ring down spectroscopy can be applied 
for measuring absolute concentrations of excited state species in atmospheric pressure 
flames. Lateral column density profiles of C2 in the excited A1Πu state were measured 
in an oxyacetylene flame at atmospheric pressure and were converted to absolute A 
state concentrations by using Abel inversion processing and a temperature distribution 
obtained from numerical simulations performed by Okkerse et al.[okk01] The general 
trends observed for the measured concentration profiles, such as the presence of a cen-
tral maximum, are in agreement with those displayed by ground state profiles from the 
simulations [okk01]. On axis and at 6.75 mm from the burner tip, the measured A 
state concentration is 15000 times smaller than the calculated ground state concentra-
tion. The calculated profile at 6.75 mm falls off faster in radial direction than the 
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measured profile, which is an indication that the gas-phase mechanism used in the 
simulations should be improved. Comparison of the central column density at 3.75 
mm from the burner tip to a value reported by Firchow and Menningen [fir99], 
showed a reasonable agreement. The applicability of CRDS for measurements on ex-
cited state species in flames makes it a very useful tool to study combustion processes. 
It opens the possibility to assess the importance of excited state species in combustion 
chemistry and can therefore contribute to improved numerical modeling of combus-
tion processes. 
Absolute concentrations of the C2 radical… 
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The influence of nitrogen addition on the properties of oxyacetylene flame-deposited 
diamond has been studied by means of X-ray diffraction (XRD), micro-Raman spec-
troscopy and cathodoluminescence spectroscopy (CL). A morphological transition re-
ported in earlier work was found to have a major influence on the diamond properties. 
XRD indicated the presence of a molybdenum carbide layer in between the diamond 
film and the molybdenum substrate. Thermal stress proved to be the dominant source 
of layer stress, which in turn was found to be the main cause for the width of the dia-
mond Raman line. From analysis of the non-diamond Raman signal it followed that 
the percentage of incorporated nitrogen that is present as the 2.156 eV nitrogen-
vacancy centre, is larger for {001} than for {111} facets. The CL measurements 
showed that, for the present series of samples, blue band A luminescence is stronger 
from {111} than from {001} facets. The diamond film with the optimal combination 
of fast growth rate, good surface coverage, high crystalline quality and phase purity, 




The influence of nitrogen on diamond CVD and the properties of the deposited dia-
mond has been studied for over a decade now, and different experimental and theo-
retical approaches have led to an increased knowledge and understanding. By now it is 
well-established that small quantities of nitrogen cause an increase of the diamond 
growth rate [mul96, sch99, ata99, boh96, jin94], and that nitrogen strongly influences 
diamond film morphology and texture. With respect to the latter, early work con-
ducted by Locher et al. [loc94] and by Jin and Moustakas [jin94] for microwave 
plasma CVD showed the formation of <001> textured layers upon the addition of ni-
trogen, a result later confirmed by Vandevelde et al. [van97]. For combustion flame 
CVD Draper et al. [wol98], Atakan et al. [ata99] and Schermer and De Theije [sch99] 
report that nitrogen addition favours the formation of {001} facets; in the latter paper 
also a preference for <001> texture is demonstrated. 
  
Because of its influence on the morphology and texture of diamond films, controlled 
addition of nitrogen offers a possibility for designing layers, suitable for specific ap-
plications. In order to enable the use of nitrogen addition to this purpose, a good un-
derstanding of the influence of nitrogen on the properties of the deposited layers is 
required. In the present paper this influence is studied by examining a set of diamond 
layers grown by oxyacetylene flame deposition with a wide range of added nitrogen 
flows. A previous study of this set of samples by means of a large number of charac-
terization techniques, including photoluminescence (PL) spectroscopy and cathodo-
luminescence (CL) topography, has been published in the above-mentioned paper of 
Schermer and de Theije [sch99]. In the present work an additional characterization of 
the homogeneous central area of the samples by means of X-ray diffraction (XRD), 
micro-Raman spectroscopy and CL spectroscopy, is presented. XRD is applied to ob-
tain information about the interlayer between the substrate and the diamond film and 
to asses the texture of the samples. Raman spectroscopy provides a great deal of in-
formation about the diamond films, such as the stress present in the films [kni89, 
age93], the crystallographic order [kni89, age91], and the presence of non-diamond 
carbon material [kni89, bon90, ber93, ber94] and incorporated impurities [col92]. 
From the CL spectra the defects present in the layers can be identified [col92]. For the 
interpretation and discussion of our measurements the results of Schermer and de 
Theije [sch99] are indispensable. For this reason a number of SEM images and PL 




A detailed description of the set-up for the oxyacetylene flame deposition of diamond 
can be found in [sch93]; the adapted set-up used for experiments with nitrogen addi-
tion is dealt with in [sch99]. Here, only a brief overview of the set-up and the applied 
experimental conditions and procedures is given. The samples are deposited onto a 
12×12×0.5mm3 square molybdenum substrate by means of a commercially available 
welding torch equipped with a welder’s tip 1 (orifice 1.0 mm). Prior to deposition the 
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substrates are prepared by scratching with sandpaper and, to enhance diamond nuclea-
tion [wu92, sch94], with a slurry of micrometer sized natural diamond powder and 
glycerol. A deposition time of 1 h is used for all samples; directly before each growth 
run the samples are cleaned with iso-propanol and etched in the oxidising outer part of 
the flame for 1 min. During deposition, the substrates are kept at 1150 °C by means of 
a pulsed cooling system. High purity gases (Indugas) are used: 99.995% oxygen, 
99.999% nitrogen and 99.6% acetylene. All gas flows are regulated by means of mass 
flow controllers (MFC). The oxygen flow is 1.4 standard litres per minute (slm) and 
the acetylene supersaturation (Sac), defined as the difference between the applied 
acetylene flow and that of the neutral flame, divided by the latter and multiplied by 
100%, is 4%. For the neutral flame (Sac is 0%, no excess acetylene or oxygen) the 
acetylene flow is 1.69 slm. The distance between the tip of the flame front and the 
substrate is 1.2 mm. Nitrogen flows are added in the range between 0 and 100 stan-
dard cubic centimetres per minute (sccm), where 100 sccm corresponds to a nitrogen 
concentration of 31 parts per thousand. Between 2 and 10 sccm the nitrogen flow is 
fed from a 10/90 nitrogen/oxygen mixture; between 10 and 100 sccm pure nitrogen is 
used. The samples discussed in this work will be referred to by the nitrogen flow ap-
plied during their deposition.  
 
For the XRD measurements (Philips Analytical’s X’pert PRO X-ray diffraction sys-
tem) Cu Kα radiation of 0.154056 Å is used. The X-ray beam is guided by a mono-
capillary with an inner diameter of 100 µm, resulting in a beam diameter of 100 µm 
with a divergence of 0.3°. Detection is done with a scanning position sensitive detec-
tor. For studying the interface between the molybdenum substrate and the deposited 
diamond film, a symmetric θ-2θ scan and a 2θ scan at 2° angle of incidence are re-
corded for the central area of the samples. Texture measurements in the central area 
are conducted for the samples grown with nitrogen flows between 15 and 100 sccm. 
For these measurements the diamond (111) reflection at 43.9° (2θ) is used. Precise 
details of the XRD measurements can be found in [fra00]. 
 
Micro-Raman spectroscopy (Renishaw 1000 Raman spectrometer) is performed at 
room temperature. Excitation is done with the 514.8 nm line of an Ar+ laser with a 
typical spot size of about 2 µm, and the signal coming from the samples is dispersed 
with a grating of 1800 lines/mm and recorded with a CCD camera. The measured 
spectra range from 1056 to 1921 cm-1 and have a resolution of 0.75 cm-1. Of the sam-
ples grown with 0 to 40 sccm of nitrogen, Raman spectra of three individual crystal-
lites are taken. For nitrogen flows from 0 to 6 sccm and from 8 to 40 sccm the spectra 
are collected from {111} facets and {001} facets, respectively. The samples grown 
with 60 to 100 sccm have a central area which hardly shows any crystallites, but con-
sists mainly of columnar structures covered with amorphous, ball-like features (see 





Cathodoluminescence (CL) measurements are performed with a home-built CL-unit at 
the University of Ulm. The samples are mounted on a Cu cold-finger sample holder in 
a continuous helium flow cryostat and the sample temperature is kept at 80 K using 
liquid nitrogen as a coolant. An electron beam from a conventional RHEED electron 
gun is focussed onto the central part of the samples with a spot diameter of about 1 
mm2 . The acceleration voltage is 8 kV, which results in a penetration depth of less 
than 600 nm. The luminescence signal is focused on the slit of a 0.25 m (SPEX 
M270) monochromator equipped with a 1200 lines/mm grating blazed at 250 nm, and 
detected by a liquid nitrogen cooled UV-optimized CCD camera. Quantitative 
comparison of the CL spectra is not possible, because the slit width, which determines 
the resolution and the measured luminescence intensities, has to be adjusted for each 
individual sample of the examined range due to the differences in luminescence inten-
sity coming from the samples. 
 
For the SEM measurements in the previous paper by Schermer and De Theije [sch99] 
the samples had to be coated with a thin gold layer for conduction. Removal of this 
layer has been done with a commercially available orostripper based on the dissolu-
tion of gold by cyanide. To check whether this removal influences the samples, micro-
Raman spectra of a number of crystallites in the central area of a standard flame-
grown sample were taken and compared to spectra recorded after deposition and re-





5.3.1 Film morphology 
A detailed description of the sample morphology is given in the previous study of the 
samples [sch99]. To facilitate the description of results in the present work in relation 
to the sample morphology, SEM pictures of the central morphology of the samples 
grown with 0, 6, 10, 15 and 80 sccm are reproduced in figure 5.1, and the most impor-
tant observations are summarized. From 0 (figure 5.1a) to 6 sccm (figure 5.1b) of ni-
trogen the crystallites have a more or less random orientation, display both {111} and 
{001} facets and form a closed layer. At 8 sccm there is still a closed layer, but the 
onset of <001> texturing is observed resulting in an increased population of {001} 
facets at the sample surface. At 10 sccm (figure 5.1c) the layer shows a more pro-
nounced <001> texture and predominant {001} morphology; the crystallites are 
densely packed, but, especially between the larger crystallites, voids are visible. A 
high density of {001} topped crystallites, separated by smaller crystallites and pro-
nounced voids, is observed for nitrogen flows of 15 sccm (figure 5.1d) and 20 sccm. 
The same holds for the samples grown with 40 sccm of nitrogen, but the top facets are 
smaller and the number of widely separated large crystallites has significantly de-
creased. Furthermore, the side facets of the large and small crystallites are degraded 
by pronounced secondary nucleation, an effect of which the onset can be observed at  




Figure 5.1: SEM images, reproduced from [sch99], of the central morphology of the lay-
ers grown with a nitrogen addition of (a) 0 sccm, (b) 6 sccm, (c) 10 sccm, (d) 15 sccm and (e) 




10 sccm. From 60 sccm onwards the crystallites are heavily degraded and appear as 
columns covered with amorphous, ball-like structures, as can be seen for the 80 sccm 
sample in figure 5.1e. The {001} top facets have disappeared almost completely and 
are, if met at all, vanishingly small. 
 
 
5.3.2 X-ray diffraction 
In figure 5.2 the results of the symmetrical θ-2θ scan (upper graph) and the scan with 
2° angle of incidence (grazing incidence, lower graph) are displayed for the 100 sccm 
sample. The results of these scans for samples grown with other nitrogen flows, which 
are not shown, are comparable to those of the 100 sccm sample. For a clear represen-
tation the θ-2θ scan and the 2° scan are shifted vertically by 1.5 counts/s and 0.75 
counts/s, respectively. The peaks are assigned to diamond [nbs53a], Mo [nbs53b], 
Mo2C [lux68, chr76, lan48] and graphite [usa73], and the assignment of the major 
peaks is indicated in the figure. It can be seen that the peaks due to Mo and Mo2C are 
suppressed in the 2° scan.  
Figure 5.3 shows {111} XRD pole figures representing the texture analysis of the 
samples grown with 15 to 100 sccm of nitrogen. In the figures 5.3a-c, corresponding 
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to the samples grown with 15 sccm to 40 sccm, it can be observed that the {111} re-
flections are located closely around a value of the Ψ-angle of 55°. In these figures  
the signal around Ψ=55° is not a continuous ring, but shows spikes. In the central area 
of the pole figures of the 20 and, more pronounced, 40 sccm samples some intensity 
can be observed between Ψ=0° and 15°. For the 60 sccm to 100 sccm samples (figure 
5.3d-f) the preference for Ψ=55° has decreased largely and the upper contour of the 
signal becomes broader and smoother. 
 
 
5.3.3 Micro-Raman spectroscopy 
The Raman spectra of the diamond samples are depicted in figure 5.4a (samples 
grown with 0 to 10 sccm of nitrogen) and 4b (15 to 100 sccm). For the samples depos-
ited with 0 to 40 sccm of nitrogen, one of the three recorded spectra is shown. The 
total areas of the spectra are normalized to each other. The figures show that there is a 
striking difference between the Raman spectra of the samples grown with nitrogen 
flows up to 40 sccm and those of the samples grown with 60 sccm nitrogen and more. 
Besides the well-known diamond peak close to 1332.5 cm-1 [sol70], which can be ob-
served in all spectra, the spectra of samples grown with 60 sccm of nitrogen and more 
show two dominant features that can be assigned to the graphite D and G bands at 
1357 and 1580 cm-1, respectively [kni89]. In some of the spectra up to 40 sccm a 
broad feature on the high wave number side of the diamond line can be seen, which 
may be attributed to diamond-like carbon [wad80]. From inspection of all three spec-
tra of the samples up to 40 sccm it follows that this feature, which is always weak or 
very weak, is strongest for the 8 sccm sample and that it is, on average, stronger for 
the samples grown with less than 8 sccm of nitrogen than for the ones grown with 
more than 8 sccm. Apart from this broad feature and the mentioned diamond peak and 
graphite bands, all spectra clearly show a non-zero background. The shape of this 
background appears to be independent of the nitrogen flow between 0 and 6 sccm. At 
8 sccm the background starts to rise slightly on the high frequency side and between 
10 and 40 sccm a more pronounced rise is observed. At 60 sccm and even more at 80 
and 100 sccm, the rise at the high frequency side has almost vanished. 
Figures 5.5a-c show, successively, the Raman shift of the diamond peak, the full 
width at half maximum (FWHM) of this peak and the non-diamond percentage of the 
Raman signal (IN) as a function of the nitrogen flow that has been applied during 
growth. IN is defined as the difference between the total Raman intensity and the inte-
grated intensity of the diamond peak, divided by the former. The total Raman intensity 
is obtained by integration of the Raman signal between 1056 cm-1 and 1921 cm-1. In 
figures 5.5a and b the data points for nitrogen flows up to 40 sccm represent the aver-
age of the three Raman spectra that have been recorded for each sample; the error bars 
give an indication of the spread of the data points. Because of a large deviation of two 
data points, all measured IN-values are given in figure 5.5c. For the samples grown 
with 60 sccm nitrogen and more only the Raman shift is given, because it is not possi-
ble to determine the values for FWHM and IN properly. Due to the availability of only 
one data point for the Raman shifts from 60 sccm upward, the 0.75 cm-1 spectral  



























Figure 5.2: XRD spectra of the 100 sccm sample; the upper spectrum results from a 
symmetrical θ-2θ scan and the lower spectrum from a scan with a fixed angle of incidence of 
2°; for the sake of clarity, the spectra were shifted on the vertical axis by 1.5 counts/s and 
0.75 counts/s, respectively; the letters label peaks coming from: d = diamond, m = Mo, mc = 



















Figure 5.3: {111} XRD pole figures showing the texture analysis of the layers grown with 
nitrogen flows of (a) 15 sccm, (b) 20 sccm, (c) 40 sccm, (d) 60 sccm, (e) 80 sccm and (f) 100 
sccm; the Φ-angle gives the rotation of the sample in its own plane and ranges from 0 to 
360°; the Ψ-angle gives a rotation of the sample about a horizontal axis and ranges from 0 











































Figure 5.4: Raman spectra taken from single crystallites in the central areas of the lay-
ers grown with (a) 0 to 10 sccm and (b) 15 to 100 sccm of nitrogen; the spectra are normal-
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Figure 5.5: (a) Raman shift as a function of the added nitrogen flow; for nitrogen flows 
up to 40 sccm the shifts are averages of the Raman spectra of three individual crystallites in 
the central area of the layer, whereas for flows of 60 sccm and larger the shifts are single 
data points; the solid line is drawn to guide the eye; up to 40 sccm the error bars indicate the 
spread of the data and from 60 sccm upwards they are taken equal to the spectral resolution 
of 0.75 cm-1; (b) FWHM of the diamond Raman peak as a function of the added nitrogen 
flow; all points are averages of the Raman spectra of three individual crystallites in the cen-
tral area of the layer; the solid line is drawn to guide the eye; the error bars indicate the 
spread of the data; (c) non-diamond percentage of the total Raman signal as a function of the 
added nitrogen flow; the data points represent single measurements from individual crystal-
lites in the central area of the layers; the two straight lines are linear fits to the data points 
of the flow ranges between 0 and 6 sccm and between 10 and 40 sccm, excluding the deviat-
ing data points at 4 and 40 sccm; the dashed line indicates that up to 6 sccm the Raman spec-
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resolution of the Raman spectrometer is taken as the experimental error for these 
samples. 
In figure 5.5a it can be observed that the Raman shift has an average value of about 
1335 cm-1 between 0 and 8 sccm. Above 8 sccm the shift decreases until 40 sccm. 
From 40 sccm to 60 sccm, the shift increases again and stays constant between 60 
sccm and 100 sccm. 
 
The graph in figure 5.5b, which shows the FWHM for nitrogen flows up to 40 sccm, 
can be split in two parts: an increasing and a nearly constant one, which are separated 
by a sharp decrease between 8 and 10 sccm. Figure 5.5c, which displays IN as a func-
tion of the nitrogen flow, shows three distinctive features: an increase between 0 and 6 
sccm nitrogen, a large decrease between 6 and 10 sccm, and again an increase be-
tween 10 and 40 sccm. The two deviating data points mentioned above, one at 4 sccm 
and one at 40 sccm, are clearly visible. It is unclear why these points deviate from 
what seems to be the general trend in the figure. There may exist a variation between 
crystallites, although this does not manifest itself as strongly for the measurements at 
other flows. The two straight lines in the figure are linear fits to the data points be-
tween 0 and 6 sccm and between 10 and 40 sccm, respectively, which indicate the 





CL spectra of the samples up to 80 sccm are shown in figure 5.6. The intensities of the 
spectra are given in arbitrary units. For the sample grown without intentional nitrogen 
addition a number of features can be recognized. At around 2.8 eV the well-known 
blue band A luminescence can be observed, which for undoped CVD diamond has 
been demonstrated to be related to dislocations [kaw90, mar97], its exact origin being 
unknown. On the high-energy side of the band A luminescence, a single sharp peak 
occurs which is assigned to be the 3.188 eV centre, which in other diamonds has been 
found as a result from radiation damage followed by annealing [col87] and is attrib-
uted to a single nitrogen atom together with more than one carbon interstitial [col93]. 
Since our samples have not been irradiated, the 3.188 eV centre is very likely a result 
of the growth conditions of the samples.  
 
On the low-energy side of the A band, luminescence peaks at 2.33 eV, 2.42 eV, 2.48 
eV and 2.57 eV appear, which are commonly encountered in flame-grown CVD dia-
mond. The 2.33 eV transition is related to the presence of nitrogen [rua91, rob89],  
whereas the 2.48 eV and 2.57 eV transitions have been reported [kho93], but have not 
been identified unambiguously. The 2.42 eV transition is associated with a phonon 
replica of the 2.156 eV transition. At lower energy the zero phonon line and phonon 
side band of the 2.156 eV (575 nm) centre can be observed. This centre is known to 
originate from the combination of a single nitrogen atom and a vacancy (N-V pair) 
[col89]. 
































































Figure 5.6: CL spectra of the central area of the samples grown with indicated nitrogen 
flows; the area of the spectra is normalized to unit area. 
 
 
From figure 5.6 some drastic effects of nitrogen addition on the relative intensities of 
the different CL features can be observed. As a start it can be seen that the blue band 
A luminescence dominates the CL spectrum up to 8 sccm at which its relative 
contribution to the total signal has decreased. At 10 sccm the blue band A 
luminescence is not the largest contribution to the CL spectrum anymore and at larger 
flows it disappears gradually. The 2.156 eV centre is clearly visible at 0 sccm, is very 
weak at 2 sccm and weak at 4 and 6 sccm. At 8 sccm its relative intensity increases 
strongly, and is at this addition and at 10 sccm about equal to the relative intensity of 
the band A signal. From 15 sccm upwards the 2.156 eV centre dominates the CL 
spectrum. The 3.188 eV centre is present in all spectra and its relative intensity is 
larger for the lower nitrogen additions (up to and including 10 sccm) than for the 
higher. The relative intensity dependences of the 2.48 eV and 2.57 eV centres on the 
nitrogen flow are very much alike: both centres are clearly visible between 0 and 8 
sccm and are less pronounced, or, in the case of the 2.48 eV centre, even hard to 
detect at higher nitrogen flows. A different evolution is observed for the 2.33 eV 
feature, which is present at all nitrogen additions. Its relative intensity is rather weak 
till 20 sccm, except at 8 sccm where it is somewhat stronger, and increases at 40 






5.4.1 X-ray diffraction  
The observation in figure 5.2 that the Mo2C peaks are much stronger for the symmet-
rical θ-2θ scan than for the 2° (grazing incidence) scan indicates, that this phase forms 
the interface between the molybdenum substrate and the diamond film. The presence 
of an intermediate molybdenum carbide layer has been reported by other authors 
[kaw93, mic93, rei98]. Evidence that the nucleation of the diamond film takes place 
on a molybdenum carbide layer formed on top of the molybdenum substrate was ob-
tained by Reinke and Oelhafen [rei98] in the case of bias enhanced nucleation in a mi-
crowave reactor, and by Atakan et al. [ata99] in the case of an oxyacetylene flame 
CVD system very similar to the one in the present paper. The fact that the diamond 
deposits generally adhere very well to the Mo substrates is due to the presence of the 
intermediate carbide layer which has been described as a multipurpose interfacial 
“glue” [ash94]. 
 
The {111} reflections in figures 5.3a-c are mainly located around Ψ=55°, which indi-
cates that the crystallites are preferably oriented with their {001} faces parallel to the 
surface, thus that the film is <001> textured. The spikes in the signal of the samples 
up to 40 sccm indicate a limited number of crystallites, which is in correspondence 
with the central morphology of these layers, as can be observed for the 15 sccm sam-
ple in figure 5.1d. At nitrogen additions larger than 40 sccm the increased broadening 
of the signal in the polar plots indicates that the discrete <001> texture disappears and 
that the diamond layer becomes increasingly disordered. This disorder is greatest for 
the 100 sccm sample. The detected <001> texture between 15 and 40 sccm and the 
disorder from 60 sccm onwards correlate well with the observations from the SEM 
images (figures 5.1d and e and [sch99]). Previously performed laser reflectometry 
(LR) measurements [sch99], by which the texture was determined from the pattern of 
reflections of a He-Ne laser beam directed perpendicularly to the samples, showed a 
<001> texture between 10 and 40 sccm of nitrogen, which is in agreement with the 
present measurements. In those measurements the smallest angular spread of the re-
flected laser spots, indicating the most parallel alignment of the {001} facets and 
therefore the texture closest to a perfect <001> texture, was obtained for a nitrogen 
addition of 40 sccm. In disagreement with this the XRD measurements show the high-
est alignment of the {001} facets, and therefore the best texture, for the 15 and 20 
sccm samples, as follows from the fact that the angular distribution of the {111} re-
flections around Ψ=55° is narrowest for these samples. Most likely, the disagreement 
between the results of both techniques is due to the fact that in the LR measurements 
little or no signal is obtained from the worse aligned smaller crystallites of the 40 
sccm sample. 
The signal intensity that appears between Ψ=0° and 15° in the pole figures of the 20 
and 40 sccm samples points at some <111> orientation, which is a result of increased 
twin formation on the 55° inclined {111} side faces of the large crystallites. 
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5.4.2 Raman measurements  
5.4.2.1 Layer stress 
In high quality natural diamond the one-phonon line has a Raman shift of about 
1332.5 cm-1 and a width of 2 cm-1 [sol70]. For a diamond single crystal, application of 
compressive hydrostatic stress causes the frequency of the diamond Raman line to in-
crease linearly with the stress [mit69]. The Raman shift as a function of the net hydro-
static stress is given by [ber95]: 
 
ν - ν0 = -ασh      (5.1) 
 
Here, ν and ν0 are the Raman frequency with and without stress, respectively, α is a 
proportionality constant, the so-called pressure coefficient, and σh is the hydrostatic 
stress. In this equation compressive stress has a negative sign and tensile stress has a 
positive one. The value of α is 3.2 cm-1/GPa [gri78, bac92]. For the samples grown 
with nitrogen additions ranging from 0 to 8 sccm the average frequency difference be-
tween the measured Raman line position and 1332.5 cm-1 is 2.5 cm-1, from which a 
compressive stress σh of 0.78 GPa is obtained. 
Diamond films are in a biaxial stress state and the biaxial stress tensor can be ex-
pressed as a superposition of a hydrostatic and a shear stress component; the magni-
tude of the biaxial stress is 1.5 times that of the hydrostatic stress component [win95]. 
From this it follows that the average net biaxial stress between 0 and 8 sccm is -1.17 
GPa. Between 10 and 20 sccm the shift can be considered 0 within the experimental 
accuracy, meaning that there is no net stress; the same holds between 60 and 100 
sccm. At 40 sccm the negative shift of 1.7 cm-1 corresponds to a tensile biaxial stress 
of 0.80 GPa. 
The compressive stress in the layers grown with low nitrogen addition is most likely 
due to the thermal behaviour of the samples. When, after the deposition process, layer 
and substrate are cooled from the deposition temperature of 1150 °C to room tempera-
ture, the diamond layer shrinks less than the molybdenum substrate, because of the 
difference in thermal expansion coefficients. Therefore, the diamond layer will ex-
perience a compressive stress. An estimate of this thermal stress (σth) can be obtained 
from [age93,fan98]: 
 







sfth ,   (5.2) 
 
where E denotes the Young’s modulus and ν the Poisson’s ratio of diamond; αf and αs 
are the thermal expansion coefficients of the diamond film and the molybdenum sub-
strate, respectively, and T is the temperature; the integral is calculated from room tem-
perature (300 K) to the deposition temperature of 1400 K. E and ν have values of 
1050 GPa [gri75] and 0.104 [fie92], respectively. Using the temperature dependencies 
of αf and αs as reported by Slack and Bartram for bulk diamond and molybdenum 
[sla75], the estimated thermal stress in the diamond layer is calculated to be –3.0 GPa. 
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This is much larger than the estimated experimental stress of -1.17 GPa in the layers 
up to 8 sccm. One possible cause of this difference is the fact that values for bulk 
diamond, such as E, ν and the pressure coefficient, are not directly applicable for 
polycrystalline diamond films which, because of their structure and composition, have 
the possibility to release stresses via the non-diamond phases at the grain boundaries 
of the crystallites. This is illustrated by the work of Liu and Dandy [liu95] who report 
a smaller value for E (about 850 GPa) and a larger αf (about 2⋅10-6 K-1 for tempera-
tures between 25 and 200 °C, where Slack and Bartram [sla75] report values for bulk 
diamond of 1.05⋅10-6 K-1 , 1.79⋅10-6 K-1 and 2.70⋅10-6 K-1 at 300, 400 and 500 K, 
respectively) for CVD diamond. Altogether, the use of bulk values for the calculation 
of the thermal stress may be responsible for at least 30% of the difference between the 
measured and calculated stress.  
 
A second cause for the difference between the calculated thermal stress and the meas-
ured net stress in the layers, may be the presence of tensile stress components. A pos-
sible source of tensile stress comes from the interactions across grain boundaries, 
when the grains start to coalesce. The grains exert attractive atomic forces across the 
grain boundaries to minimize the surface energy, but are constrained by the adhesion 
to the substrate, which results in a tensile stress. The magnitude of this stress is ex-
pected to be inversely proportional to the crystallite size [dol72, win91, ber95] and 
indeed an increase of tensile stress with decreasing crystallite size has been observed 
experimentally by Schäfer et al. [schä91] and by Schwarzbach et al. [schw94]. If the 
inverse relation between the tensile stress and the crystallite size is applied to the re-
sults of the latter, which show a tensile stress of 1.5 GPa at most with a grain diameter 
of approximately 2 µm, it follows that the tensile stress due to grain boundaries in our 
deposits, which have a grain size of 10 µm and more [sch99], may be as large as 0.3 
GPa. 
 
Additional compensation of the thermal stress might be obtained from so-called inter-
nal stresses. These stresses result from all kinds of crystalline imperfections, such as 
sp2 carbon and nitrogen-related defects. Stress from impurities [win91] and sp2 carbon 
[ber95] is normally compressive, but may also be tensile, e.g. when vacancies are in-
corporated in the lattice.  
 
Finally, the thermal stress may be reduced by the way in which the diamond film ad-
heres to the substrate. As discussed above, the XRD data indicate that Mo2C is likely 
to form the interface between the diamond layer and the substrate. Such an intermedi-
ate carbide layer between the diamond and the substrate may help to partially relieve 
the thermal stress [ash94]. 
 
The sharp decrease in layer stress from 8 sccm to 10 sccm can be explained from the 
difference in morphology of the layers grown with these nitrogen additions. As is de-
scribed in section 5.3.1, there is still a closed layer at 8 sccm, whereas for the layers 
grown at 10 sccm (figure 5.1c) and higher additions, voids are formed between the 
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crystallites, which can absorb the compressive stress in the film to a larger extent than 
the non-diamond phases at the grain boundaries. Stress relief by a change in diamond 
film morphology from closed layers to more open structures was previously reported 
by one of the authors [sch95] for a series of diamond layers which were grown on Mo 
substrates using different acetylene supersaturations. A major surprise in the present 
study is the tensile stress measured in the 40 sccm sample, which from its morphology 
is also expected to be without stress. It was checked that the shift of the Raman line to 
lower frequency was not caused by heating of the sample by the laser beam [bac92]. A 
possible explanation may come from the observation that the Raman frequency de-
creases between 10 and 40 sccm. Such a decrease may be caused by an internal stress 
component resulting from nitrogen/vacancy incorporation, which, as mentioned 
above, may be tensile. This tensile stress component should become stronger with in-
creasing nitrogen flow and, at 40 sccm, even result in an overall tensile layer stress. A 
linear relation between nitrogen incorporation and the nitrogen/carbon ratio of the gas 
phase reported by Bergmaier et al. [berg96] in the case of microwave CVD of dia-
mond, supports this explanation, in that the nitrogen incorporation increases with the 
added amount nitrogen flow. For our samples the gradual deterioration of the diamond 
layer morphology with increasing nitrogen flow, which is observable from 15 sccm 
upwards (figure 5.1 and [sch99]), may be an indication of an increased nitrogen incor-
poration. The observation that the amorphous columns at 60 sccm and higher are 
nearly stressless instead of showing an even larger tensile stress than the 40 sccm 
sample, may be explained from the huge deterioration of the crystal structure. 
 
Alternatively, the shift to lower frequency may be a result of phonon confinement 
[bon90, age91, ber95], which results from the presence of microcrystallite boundaries 
and/or defects. However, calculations have shown [age91, ber95] that a downward 
shift in Raman frequency would be accompanied by clearly asymmetric Raman line 
shapes tailing to lower frequencies. This is in contrast with the observed, only slightly 
asymmetric lines, which tail to higher frequencies. Therefore, phonon confinement 
does not seem to play a significant role in our measurements.  
 
Summarizing, it can be concluded that the compressive thermal stress is thought to be 
the major stress source and that the changing film morphology explains the evolution 
of the stress as a function of the nitrogen flow, with one or more smaller effects super-
imposed on it. The difference between the measured and the calculated stress may be 
attributed to a combination of factors, of which an overestimation of the calculated 
thermal stress seems to be the most important one. 
 
 
5.4.2.2 Crystalline order 
While the position of the Raman peak gives information about the stresses in the film, 
the width of the Raman line can be related to the structural order of the diamond crys-
tals: the narrower the line, the higher the crystallographic order [kni89, age91]. From 
figure 5.5b it can be seen that for our samples the crystallographic order gradually de-
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creases between 0 and 8 sccm of nitrogen and strongly increases between 8 and 10 
sccm of nitrogen. After this it stays more or less constant. There exist a number of ef-
fects that may result in broadening of the Raman peak, such as crystal defects [age91, 
bac94], inhomogeneous strain due to the presence of grain boundaries and the size 
effect of secondary nucleation [ber93]. When the broadening is compared to the film 
morphology, it is observed that the sharp decrease in peak width corresponds to the 
point at which the diamond layer becomes <001> textured and starts to break open. 
This suggests that part of the broadening observed for the samples up to a nitrogen 
addition of 8 sccm is caused by stress in the layers, making the relief of stress due to 
the change in morphology from closed at 8 sccm to open at 10 sccm an explanation of 
the decrease in Raman linewidth. At 10 sccm and higher the FWHM does not change 
much, from which it can be concluded that the increasing nitrogen addition does not 
seem to have much influence on the crystallographic order. Even the deterioration of 
the side facets at 40 sccm does not affect the FWHM significantly. 
 
If stress were the only significant broadening mechanism in the films, figure 5.5b 
would be expected to closely resemble figure 5.5a, which is not the case. When the 
two figures are compared, the rising tendency between 0 and 8 sccm in figure 5.5b is 
remarkable. One possible explanation for this rise in figure 5.5b is that a higher 
growth rate may result in a lower crystallographic perfection. As can be observed in 
[sch99] the growth rate between 0 and 8 sccm increases linearly with the added nitro-
gen flow, which means that the crystalline order is expected to decrease, resulting in 
an increase of the Raman FWHM. Together with the stress this explains the behaviour 
of the FWHM observed between 0 and 8 sccm. 
 
Between 0 and 6 sccm the nitrogen incorporation may be another possible cause for 
the increase of the FWHM. The nitrogen incorporation may increase with an increas-
ing nitrogen flow, which means an increase of the concentration of impurities in the 
layers. This results in a shorter phonon lifetime [age91, bac94] and, consequently, in a 
broader peak. Combined with the stress evolution in figure 5.5a this effect can explain 
the course of the FWHM up to 6 sccm. 
  
Between 10 and 40 sccm, where the Raman FWHM is nearly unchanged, the stress 
decreases, the nitrogen incorporation increases and the growth rate passes a maximum 
at slightly more than 20 sccm [sch99]. As argued, the first effect should lead to a 
smaller FWHM, the second one should give a larger FWHM, and the third should 
give an increase of the FWHM between 10 and 20 sccm and decrease between 20 and 
40 sccm. Taken together, the sum of these effects could result in the rather constant 
value of the FWHM between 10 and 40 sccm. 
  
In summary, it can be concluded that grain boundary strain is the most important fac-
tor in determining the behaviour of the FWHM of the Raman signal as a function of 
the added nitrogen flow. Nitrogen incorporation and growth rate dependent crystallo-
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graphic perfection offer two possible explanations for trends that are superimposed on 
the stress-related broadening. 
 
 
5.4.2.3 Non-diamond percentage of the Raman signal 
In order to understand the evolution of IN with the nitrogen flow, as displayed in fig-
ure 5.5c and described in section 5.3.3, it should be realized that the non-diamond 
Raman signal is composed of the Raman signals of non-diamond (sp2) carbon material 
and the PL background [zea97]. The latter of these is known to originate from struc-
tural defects, such as sp2 carbon [ber93, ber94] and incorporated nitrogen [col92]. The 
only Raman signal which may be sp2 related is the broad signal mentioned in section 
5.3.3, which may be ascribed to diamond-like carbon [wad80]. Because there does not 
seem to be a correlation between the behaviour of the intensity of this signal and IN as 
a function of the nitrogen flow, this broad signal is unlikely to play a major role in de-
termining the course of IN with the nitrogen flow. This leaves changes in the back-
ground luminescence as the dominant factor.  
 
More information about the origin of the PL background of the Raman spectra can be 
obtained from the PL spectra of the samples previously published by Schermer and De 
Theije [sch99], which are reproduced in figure 5.7. For the excitation of the samples 
the 488 nm line of an Ar+ laser was used and the spectra were recorded at liquid nitro-
gen temperature. In the spectra a sp2 related broad luminescence feature around 2.1 eV 
[ber93], two zero phonon lines at 1.95 [cla71] and 2.156 eV [vav80], and the diamond 
Raman line can be observed. The zero phonon line at 1.95 eV, two phonon replicas of 
which can be seen at 1.88 and 1.81 eV, is attributed to a centre consisting of a vacancy 
trapped at a single substitutional nitrogen atom [dav93]; the zero phonon line at 2.156 
eV comes, as mentioned in section 5.3.4, from a N-V pair [col89]. It can be seen that 
the relative contributions of the different features in the PL spectra change as a func-
tion of the added nitrogen flow. In order to be able to use the PL spectra for the inter-
pretation of figure 5.5c it should be noted that: (i) as mentioned, the PL spectra were 
recorded at liquid nitrogen temperature, whereas the Raman spectra were measured at 
room temperature, (ii) the PL spectra were not obtained from individual crystallites, 
but from an area of the samples containing several crystallites, and (iii) the PL spectra 
were scaled with respect to each other (see figure caption). 
 
Taking the scaling factors of the PL spectra into account, the 2.156 eV signal seems to 
increase with an increasing nitrogen flow in the flow range from 0 to 6 sccm. This 
means an increase of the concentration of N-V pairs, which indicates an increase of 
the nitrogen concentration in the layers. When comparing the PL spectra to the Raman 
spectra of figure 5.4 it follows, that the relative increase of the background signal on 
the high wave number side of the Raman spectra, clearly visible when going from 6 to 
10 sccm, is due to luminescence from the 2.156 eV centre. The intensity of this lumi-
nescence depends both on the morphology of the layer and on the presence of stress 











































Figure 5.7: PL spectra of the central area of the samples grown with 0 to 60 sccm of ni-
trogen, reproduced from [sch99]; fnit is the added nitrogen flow, R labels the diamond Raman 
peak; the spectra of the samples were scaled with respect to each other with the following 
factors: 0 sccm 1x, 2 sccm 0.5x, 4 sccm 0.5x, 6 sccm 0.25x, 8 sccm 1x, 10 sccm 2x, 15 sccm 
2x, 20 sccm 1x, 40 sccm 1x, 60 sccm 1x. 
 
 
and 10 sccm the {001} facets were probed. From literature it is known that nitrogen 
incorporation into diamond {001} faces is 3 to 4 times lower than into {111} faces 
[sam95, cao95]. Since the layer stress at 6 and 8 sccm is about the same, the 2.156 eV  
signal at 8 sccm is therefore expected to be lower than at 6 sccm. In figure 5.4, how-
ever, it can be seen that instead of decreasing, the signal increases.There are two ex-
planations for this observation. First, it is possible that in {001} facets a larger per-
centage of nitrogen is incorporated as 2.156 eV centres than in {111} facets, which 
results in stronger 2.156 eV luminescence. Second, the {111} facets have a lower 
crystallographic perfection than the {001} ones [enc90], which may result in a larger 
quenching of the luminescence coming from the {111} facets and therefore in a 
weaker emission. The large increase of the 2.156 eV signal when going from a nitro-
gen addition of 8 sccm to 10 sccm is likely to be caused by a larger nitrogen incorpo-
ration and the large decrease in layer stress. The dependence of the 2.156 eV lumines-
cence strength on the layer morphology and stress makes clear, that for a good inter-
pretation of luminescence data, information about the layer morphology and stress is 
indispensable [sha98]. For the samples grown with 0 to 6 sccm of nitrogen, discussed 
at the beginning of this paragraph, the morphology does not change much, except for 
the increase of the crystallites’ linear dimensions. Since also the stress is not varying 
much for these samples, this means that the increase of the 2.156 eV luminescence 
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signal in the PL spectra can be interpreted as an increase of the nitrogen concentration 
in the layers.  
 
As can be seen in figure 5.5c, IN increases linearly with the nitrogen flow for nitrogen 
additions between 10 and 40 sccm, which suggests that the change of IN in this flow 
range is related to nitrogen as well. Since a nitrogen-related change of the Raman 
background is likely to come from luminescence of the 2.156 eV N-V centre, the lin-
ear relation between IN and the nitrogen flow suggests a linear increase of the concen-
tration of N-V pairs. Because all spectra in this flow range were recorded from {001} 
facets, this indicates a linear relation between the nitrogen flow and the amount of ni-
trogen that is incorporated. This result is in correspondence with results of Bergmaier 
et al. [berg96], who found a linear relation between the gas phase nitrogen/carbon ra-
tio and the amount of incorporated nitrogen in the case of microwave CVD of dia-
mond. 
Another increase of IN is observable in the nitrogen flow range between 0 and 6 sccm. 
This may be caused by a combination of an increased nitrogen incorporation due to 
the increased nitrogen flow, and an increase of sp2 carbon material. Nitrogen can con-
tribute to IN via 2.156 eV luminescence. An increase in the sp2 carbon content of the 
crystallites may be caused by the increase of the growth rate in this flow range 
[sch99], which may facilitate the incorporation of sp2 carbon. From the present data it 
is not possible to estimate the relative importance of the two sources of background 
luminescence. 
 
In figure 5.5c the drop of IN between 6 and 8 sccm goes together with the point at 
which the crystallographic orientation of the examined facets changes from {111} to 
{001}, and with an increase of the 2.156 eV intensity of the Raman background. So, 
despite the increased contribution of the 2.156 eV luminescence to the non-diamond 
Raman signal at 8 sccm, IN as a whole has decreased. This implies a decrease in the 
signal from sp2 carbon material that is larger than the increase due to nitrogen. Such a 
decrease of the sp2 luminescence can also be observed in the PL spectra. From the de-
crease it can be concluded that the {001} facets in the samples have a higher phase 
purity. 
 
Summarizing, the way in which nitrogen is incorporated and/or quenching, both de-
pending on morphology, explain the observation that 2.156 eV luminescence from the 
{001} facets of the 8 sccm sample is weaker than from the {111} facets of the 6 sccm 
one. The course of IN as a function of the added nitrogen flow is found to be caused by 
an interplay of several factors. The morphological transition from {111} to {001} in-
duces a kink in the IN versus nitrogen flow graph, which may be interpreted as an in-






In figure 5.6 it can be seen from the presence of the CL centres at 2.156 eV and 3.188 
eV, that the sample that was grown without intentional nitrogen addition contains 
some nitrogen. The presence of nitrogen in this sample has already been noticed by 
Schermer and De Theije, who discuss in detail that this nitrogen should have come 
from an incomplete removal of the nitrogen impurities from the acetylene gas source 
[sch99]. To explain the evolution of the CL spectra as a function of the added nitrogen 
flow, it is important to realize that the total measured intensity for each luminescent 
feature is composed of the contributions from a number of morphological features, 
which are excited by the electron beam. Therefore, the total intensity depends on the 
luminescence strength of the signal from each morphological feature and on the rela-
tive surface area covered by each feature. This means that the absolute and relative 
strengths of the CL features in the spectra depend strongly on the film morphology. 
The term “morphological feature” denotes the {111} and {001} facets, but also grain 
boundaries and the deteriorated crystalline material that is observable at higher nitro-
gen additions. 
 
Figure 5.6 shows an abrupt change in the intensity ratio of the 2.156 eV centre and 
blue band A luminescence between 6 and 8 sccm, where the 2.156 eV becomes rela-
tively much stronger. This may be related to the change in layer morphology that takes 
place between 6 and 8 sccm. At 8 sccm the percentage {001} facets is larger and the 
change of the ratio of the two luminescence bands under consideration may be caused 
by a weaker band A luminescence from {001} facets, a stronger 2.156 eV emission, or 
both. The layer stress in the 6 and 8 sccm samples is the same, meaning that stress 
will not be the cause of the changing ratio of the luminescence features. For the non-
diamond background of the Raman spectra, it was seen that 2.156 eV luminescence 
from {001} facets is stronger than from {111} facets.  
 
More information about the relative strength of blue band A emission from {111} and 
{001} facets can be obtained by combining the SEM images with the CL and PL spec-
tra. Taking into account the scaling factors, it can be seen from the PL spectra that the 
2.156 eV luminescence intensity of the 10 and 15 sccm samples does not change 
much. Because the CL spectra were recorded under conditions similar to those of the 
PL spectra, the 2.156 eV intensity in the CL spectra of the 10 and 15 sccm samples is 
expected to be rather equal as well. This means that the band A intensity of the 15 
sccm sample is clearly lower than that of the 10 sccm sample. As can be seen from the 
SEM images of the two samples in figures 5.1c and d, there are two main differences 
between the 10 and 15 sccm samples: i) at 15 sccm, the voids between the crystals are 
much larger than at 10 sccm, and ii) at 10 sccm, the sample shows still a significant 
fraction of {111} facets, which has greatly decreased at 15 sccm. The layer stress is 
almost equal for the two samples and will therefore not be the cause of the changing 
luminescence intensity ratio. From the PL spectra it becomes clear from the decrease 
in 2.156 eV intensity for the larger nitrogen additions, that the deposited material in 
the voids hardly or not emits 2.156 eV luminescence. Therefore, this material is not 
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expected to have a significant influence on the relative intensity of the two lumines-
cence features under consideration. This leaves the changing morphology as a possible 
cause of the decrease in band A luminescence. Upon the observed increasing and de-
creasing fraction of {001} and {111} facets, respectively, the band A luminescence 
decreases, from which it can be concluded that, for the present set of samples, band A 
luminescence is stronger from {111} than from {001} facets. This conclusion and the 
one that 2.156 eV emission is stronger from {001} facets are in agreement with results 
of Kim et al. obtained for microwave CVD of diamond [kim99]. Stress does not seem 
to have a large influence on the band A luminescence of our samples, because the ma-
jor drop of the relative band A intensity is not observed upon a large decrease of the 
stress (from 8 to 10 sccm), but upon the almost complete disappearance of the {111} 
facets (from 10 to 15 sccm), which is not accompanied by a significant change in 
stress.  
 
The 3.188 eV centre follows in its evolution more or less the blue band A lumines-
cence, which suggests that it is stronger from {111} than from {001} facets. This may 
indicate that it is easier induced in {111} than in {001} facets. A possible explanation 
for the relatively large intensity of the 2.33 eV feature from 40 sccm upwards, may be 
a decrease of the 2.156 eV intensity resulting from the deterioration of the diamond 
morphology. If this is correct it means that the 2.33 eV feature does not suffer as much 
from deterioration as the 2.156 eV centre. The 2.48 eV and 2.57 eV features appear to 




In this work we have examined a series of oxyacetylene flame-grown diamond sam-
ples that have been deposited with the addition of varying amounts of nitrogen to the 
source gases. X-ray diffraction, micro-Raman spectroscopy and cathodoluminescence 
have been applied to examine the properties of the samples as a function of the added 
nitrogen flow. Indispensable for the interpretation of the measurements was the film 
morphology, as well as previously measured photoluminescence spectra. XRD data 
indicated, in accordance with literature, the existence of a Mo2C interlayer between 
the substrate and the diamond film. Nitrogen addition was found to result in a <001> 
texture which is optimal at nitrogen additions of 15 and 20 sccm. The Raman meas-
urements showed a stress relief and an increase of the crystalline order at a nitrogen 
addition of 10 sccm, which were correlated to the morphological transition from a 
continuous layer of closely packed crystallites to a more open structure, taking place 
between 8 and 10 sccm. Thermal stress was identified as the main source of layer 
stress. The dependence of the width of the diamond peak on the added nitrogen flow 
was found to be mainly determined by the stress in the material, together with one or 
more smaller effects, caused by the nitrogen incorporation and/or the growth rate. A 
linear relation between the added nitrogen flow and the incorporated amount of nitro-
gen between 10 and 40 sccm was suggested, and it was found that the {001} facets 
have a higher phase purity than the {111} facets. Blue band A luminescence was 
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found to be stronger from {111} than from {001} facets, whereas the opposite was the 
case for 2.156 eV luminescence. 
 
From the SEM images (figure 5.1) it is noticeable that an increased addition of only 4 
sccm between 6 to 10 sccm of nitrogen can result in a large morphological and tex-
tural change. Since it is found in this work that the film morphology has an important 
influence on other properties of the diamond films, such as the stress in the layer, it is 
clear that the nitrogen flow is a very critical parameter in the deposition process. 
Based on the observations of the central area of the diamond layers, a nitrogen addi-
tion of 10 sccm seems to result in a diamond film with the most favourable set of 
properties: a high growth rate [sch99], a close-to-perfect surface coverage, a good 
crystalline quality, a rather good <001> texture, a high phase purity and a stressless 
layer. Additions larger than 10 sccm lead to a better texture, but also to a decreased 
surface coverage, whereas smaller additions result in a lower growth rate and phase 
purity and in an increased stress in the layer. The fact that close to the optimum nitro-
gen addition of 10 sccm, small changes in nitrogen flow have large consequences for 
the layer properties, emphasizes that a careful control of the growth conditions is a 
necessity for the production of layers with reproducible properties. 
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Chapter 6: Relation between gas phase CN radical dis-
tributions, nitrogen incorporation and growth rate in 




Controlled amounts of nitrogen were added during oxyacetylene flame deposition of 
diamond to investigate the possible role of the CN radical in the effects of nitrogen addi-
tion. CN radical distributions were visualized using two-dimensional laser-induced fluo-
rescence (LIF) and compared with nitrogen incorporation into the layer and with the dia-
mond growth rate, which were measured by means of cathodoluminescence (CL) and op-
tical microscopy, respectively. 
For the studied range of nitrogen flows, it was found that the CN LIF signal in the centre 
of the flame is linearly dependent on the added amount of nitrogen. Diamond deposition 
in the central region is mainly influenced by the deposition parameters, whereas deposi-
tion in the outer zone is largely determined by the interaction of the flame with the ambi-
ent; the annulus of enhanced growth is affected by both the deposition parameters and the 
ambient. By a simple consideration, in which the growth rate is separated in nitrogen de-
pendent and independent contributions, an observed positional difference between CN 
LIF and growth rate maxima can be explained. Comparison of the CN LIF signal, the CL 
signal and the diamond deposition rate indicates that CN (or a closely related species) 
may be the species or one of the main species responsible for the effects of nitrogen addi-





For centuries diamond has been regarded as a fascinating material with many interesting 
and useful properties. Diamond layers suitable for specific applications can, in principle, 
be tailored by means of chemical vapour deposition (CVD). The properties of CVD dia-
mond layers are determined by a number of experimental parameters, such as the deposi-
tion temperature and the composition of the reaction mixture used. The amount of nitro-
gen present in the reaction mixture has a large influence on the deposition process and the 
deposited diamond. Several authors have studied the effect of nitrogen addition during 
diamond CVD [jin94, loc94, boh95, mül96, asm99, ata99, sch99] and it has been found 
that the addition of small amounts of nitrogen leads, among other things, to an increase of 
the deposition rate [mül96, sch99] and a preferred {100} texture [jin94, loc94, asm99, 
sch99, cao96]. Despite the considerable number of studies on the effects of nitrogen addi-
tion during diamond CVD processes, it is not clear what nitrogen-containing species is or 
are reponsible for the observed changes. Candidates mentioned frequently in literature are 
CN and HCN. Bohr et al. [boh96] have found from thermodynamic calculations that 
these species can abstract H from the diamond surface during growth and in this way cre-
ate new growth sites, a role of CN and HCN upon which Badzian et al. [bad93] have 
speculated as well. According to Butler [but99] CN may very well be the nitrogen-
containing species that is active at the growing diamond surface, despite the fact that 
HCN is probably more dominant in the gas phase. He gives a possible explanation of the 
influence of nitrogen addition on, e.g., the growth rate and the value of the alpha parame-
ter, in which the CN radical enhances the next layer nucleation on the diamond {111} 
face [but98]. In the case of oxyacetylene flame CVD Klein-Douwel et al. [kle98a] have 
shown a relation between the presence of gas phase CN close to the deposition substrate 
and the diamond deposition rate, diamond morphology and nitrogen incorporation into 
the deposited diamond layer. In their experiments no nitrogen has been added intention-
ally: nitrogen from the ambient air has entered the flame by indiffusion or entrainment. 
 
In the present work, controlled amounts of nitrogen are added during oxyacetylene flame 
CVD of diamond to study the effect of nitrogen on the growth process and deposited 
diamond and to obtain information about the role of the CN radical in the growth process. 
Hereto, gas phase CN distributions close to the deposition substrate are measured, to-
gether with the diamond growth rate and the incorporation of nitrogen. In studies by other 
authors several techniques, such as optical emission spectroscopy [van96], and conven-
tional absorption spectroscopy [wel97] have been employed to measure CN in different 
diamond CVD reactors. In this work two-dimensional laser-induced fluorescence (LIF) is 
used to visualize spatial distributions of gas phase CN during the deposition process, in a 
way similar to the method applied by Klein-Douwel et al. [kle98a]. LIF is a highly sensi-
tive, species specific, non-intrusive laser spectroscopic technique, which is very suitable 
for gas phase diagnostics. Because of collisional quenching, LIF measurements per-
formed at atmospheric pressure do in general not yield quantitative results. Fortunately, 
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the quenching should be nearly constant under similar experimental conditions and since 
all experiments presented in this work are done under very similar conditions, the results 
of the LIF measurements can be regarded as semi-quantitative. 
 
The incorporation of nitrogen into the deposited diamond layers is studied by means of 
cathodoluminescence (CL), which is very sensitive for the determination of nitrogen re-
lated and other defects in diamond [sch99, col92]. The effect of nitrogen addition on the 
diamond deposition rate is measured by means of optical microscopy. By comparison of 
the gas phase measurements to the nitrogen incorporation and diamond growth rate, more 




6.2.1 Diamond deposition 
A detailed description of the diamond deposition set-up has been given by Schermer et 
al. [sch93]. Here, only some important features, experimental parameters and differences 
with respect to that set-up are mentioned. The set-up, which consists of a welding torch 
and a temperature-controlled substrate, is depicted in figure 6.1. The torch, a commercial 
welding torch with an orifice of 1.3 mm in diameter, is used to burn acetylene (99.6% 
purity, Indugas) with oxygen (99.995%, Indugas). In order to remove the residual nitro-
gen contamination present in the acetylene bottle, an initial amount of acetylene is re-
leased before the start of a measurement series [sch99]. Throughout the experiments de-
scribed here, the oxygen flow is kept constant at 2.5 standard liters per minute (slm); the 
acetylene flow is set to give an acetylene supersaturation Sac of 4%, where Sac is defined 
as the difference between the acetylene flow used and the acetylene flow of a neutral 
flame, relative to the flow of the latter. The resulting total flow is about 5.5 slm. Both 
flows are regulated by mass flow controllers (MFC). 
 
For nitrogen addition a mixture of 29.5% nitrogen in oxygen is used, instead of pure ni-
trogen. If pure nitrogen were used, the MFC that regulates the nitrogen flow would have 
to be operated in the lower part of its range for the nitrogen additions applied during the 
experiments. This would result in a reduced accuracy of the added nitrogen flow, since 
the relative error in flows produced by an MFC is rather large in the lower part of its op-
erating range. With the mixture, small nitrogen flows can be added while the MFC is 
used in the central and higher part of its range, where the relative error is smaller. In the 
deposition set-up the nitrogen line is coupled to the oxygen line and the nitrogen flow is 
regulated by means of a MFC with a maximum flow of 100 standard cubic centimetres 
per minute (sccm), which results in a maximum flow of 29.5 sccm. The extra oxygen 
flow that goes together with the use of the nitrogen/oxygen mixture for addition is cor-





Figure 6.1:  The set-up used for the diamond deposition and two-dimensional laser-
induced fluorescence (LIF) experiments; MFC=mass flow controllers. 
 
 
A molybdenum square of approximately 12×12 mm2 and a thickness of 0.5 mm is used as 
a substrate, the surface temperature Ts of which is kept constant by means of a pulsed wa-
ter spray. All experiments described here are performed at a Ts of 1025 °C ± 15 °C. The 
distance d between the flame front and the substrate is between 2.0-2.2 mm for all growth 
experiments; d is determined using a CCD camera in the way described by Klein-Douwel 
et al. [kle95]. 
Prior to a growth run the substrate is prepared by scratching it with sandpaper and, con-
secutively, with a slurry of micrometre sized diamond powder and glycerol, to enhance 
diamond nucleation. Shortly before the run the substrate is cleaned with iso-propanol and 
etched for about one minute in the oxidising outer part of the flame. All growth runs 
lasted one hour, except for the one with an added nitrogen flow of 5 sccm. This was 
stopped after 55 minutes, because of problems with the cooling of the substrate. These 
have not affected the LIF measurements and it is unlikely that they have significantly in-
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6.2.2 Laser-induced fluorescence 
The set-up used for the LIF measurements, which is similar to the one described by 
Klein-Douwel et al. [kle98a], is shown in figure 6.1. For detection of the CN radical, la-
ser light from a Nd:YAG pumped dye laser (Quantel YG 781 C10 and Quantel TDL 50, 
respectively), which runs on Pyridine 1, is frequency doubled by means of a KDP crystal. 
The repetition rate of the resulting 5 ns laser pulses is10 Hz; the laser bandwidth is 0.2 
cm–1. Cylindrical lenses are used to shape the laser beam into a sheet, which is directed 
through the flame. The laser power at the position of the flame is about 50 µJ/pulse. Suf-
ficient laser power close to the substrate is ensured by aligning the sheet in such a way 
that its lower edge is just below the substrate. Detection of CN is done by inducing the 
B2Σ+(v’=1) ← X2Σ+(v”=0) transition at 359.1 nm and collecting the fluorescence at right 
angles by means of an image-intensified Peltier-cooled CCD camera (La Vision Flame 
Star II). Four reflection filters (Laser Optik, bandwidth about 13 nm) are placed in front 
of the camera, to select only the fluorescence coming from the B2Σ+(v’=1) → X2Σ+(v”=1) 
transition and to block reflections of the laser beam and the major part of the natural 
flame emission and non-resonant background fluorescence. The camera is triggered by 
the Q-switch of the laser and collects signal for 20 ns after each trigger pulse, thus reduc-
ing the natural flame emission by a factor of 5·106. Saturation during the excitation of CN 
[hir94] is avoided. Correction for background luminescence from the flame and non-
resonant fluorescence transmitted by the filters is achieved by subtracting an off-resonant 
LIF image from the resonant image at 359.1 nm. The resulting fluorescence signal is cor-
rected for the inhomogeneous intensity distribution of the laser beam, which is necessary 
because the fluorescence is linearly proportional to the laser power. All resonant and off-
resonant images are averages of 10 images, each of which is integrated over 100 laser 
shots. The spatial resolution of the LIF measurements is about 40 µm; spectrally, rota-




Cathodoluminescence (CL) topography is performed using a cold-cathode luminescence 
unit (8200 MKII) equipped with an optical microscope for low and medium magnifica-
tions. During examination the pressure in the CL chamber is kept at 0.1 Torr and the ac-
celeration voltage at 15 keV, resulting in a current density of about 6µA/mm2 and a pene-
tration depth between 1 and 2 µm [dav65]. Due to a slight heating-up by the electron 
beam, the temperature of the specimens increases from room temperature to a maximum 
of 50 °C. Because the spatial distribution of the luminescent point defects in the diamond 
layers has a strong circular symmetry, images are taken along a single, circa 1.2 mm wide 
line across the centre of the sample. This line is located around and in the direction of the 
cross section of the sample with the LIF laser sheet used for gas phase CN detection. The 




6.3 Results and Discussion 
6.3.1 CN spectrum 
The upper graph of figure 6.2 shows an excitation spectrum of CN, measured in an oxya-
cetylene flame without the presence of a substrate. The signal is the fluorescence from 
the B2Σ+(v’=1) → X2Σ+(v”=1) transition of CN, which was maximized by adding the 
maximum amount of nitrogen (100 sccm) to the flame. In the spectrum, rotational resolu-
tion can be observed. Because the KDP crystal was tracked manually, the measured in-
tensities of the (rotational) peaks in the spectrum may be slightly different from the actual 
intensities. The strongest signal, however, undoubtedly results from the excitation of the 
(1,0) bandhead, which is therefore used for excitation in the LIF measurements. The 
spectrum is in correspondence with the one measured by Klein-Douwel et al. [kle98a]. 
To ascertain that the measured spectrum is indeed that of CN, the CN spectrum was 
simulated by using the LIFBASE software developed by Luque and Crosley [luq99]. The 
resulting spectrum is shown in the lower graph of figure 6.2. From the good agreement 
between the measured and simulated spectrum it is clear that the measured spectrum is 
that of CN; differences in the relative peak intensities are mainly due to the manual track-
ing of the KDP crystal. 
 
 
6.3.2 LIF measurements 
Figure 6.3 displays a LIF image recorded during a growth run with an added nitrogen 
flow of 25 sccm. In this image the LIF intensity is represented by false colours: blue cor-
responds to a low, red to a high intensity. It can be seen that the signal left and right of 
the flame axis is higher than that in the centre of the flame. Figure 6.4 shows CN LIF pro-
files constructed from a LIF image of a growth run without nitrogen addition. The pro-
files represent the average LIF signal in an approximately 100 µm wide strip centered at 
three different heights above the substrate, viz. 100, 400 and 800 µm. In all three profiles 
almost no signal is observed in the centre, meaning that practically no CN is present 
there; maxima in LIF intensity can be observed on both sides of the centre. The CN pre-
sent is formed out of nitrogen that has entrained or indiffused from the ambient into the 
hydrocarbon-rich acetylene feather of the flame and interacted with it [sch95]. The pro-
files obtained are similar to profiles reported by Klein-Douwel et al. [kle98a]. It can be 
noticed in figure 6.4 that, with a decrease in height above the substrate, the LIF maxima 
broaden and become less intense and the position of the maxima lies further away from 
the centre of the flame. The broadening and the positional shift are caused by the fact that 
species are moving radially outward along with the flame, when they come closer to the 
substrate. The decrease of the peak intensity is caused by spreading of CN over a larger 
area, and a possible removal from the flame by reactions with flame species and/or inter-
action with the growing diamond layer. Other factors, such as differences in temperature 
and the temperature-dependent quenching of the CN LIF signal at different positions in 
the flame, may also play a role in weakening the LIF signal. Because the profile at 100  
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Figure 6.2:  Measured and simulated excitation spectrum (upper and lower graph, respec-
tively) of the B2Σ+ ← X2Σ+, ∆v=1 transition of the CN radical; the fluorescence signal comes 
from the B2Σ+(v’=1) → X2Σ+(v”=1) transition of CN; in the measured spectrum the (1,0) and 
(2,1) bandheads are indicated, the former of which is used for excitation in the LIF measure-
ments. 
 
Figure 6.3: LIF image of the CN distribution in the oxyacetylene flame during dia-
mond deposition with a nitrogen addition of 25 sccm; the colours represent the intensity 
of the LIF signal, as indicated by the colour scale on the right side of the image; the 
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Figure 6.4:  Profiles of the LIF intensity measured in the oxyacetylene flame without nitrogen 
addition; the profiles were taken at 800 (a), 400 (b) and 100 µm (c) above the substrate and are 
averages over a strip with a height of about 100 µm. 
 
µm above the substrate is likely to bear the most direct correlation with the growing dia-
mond surface, LIF profiles at 100 µm are used for further analysis of the measurements.  
 
With the addition of pure nitrogen (99.999%) an experiment is performed, in which LIF 
images are recorded for a range of nitrogen flows in one single experimental run. In this 
run, the nitrogen flow is varied between 0 and 100 sccm in steps of 10 sccm. The LIF im-
ages are obtained by averaging over 5 images of 75 laser shots each. Figure 6.5 shows the 
intensity of the central CN LIF signal, which is the average LIF intensity of a 2.1 mm 
wide central area at 100 µm above the substrate, as a function of the added nitrogen flow. 
From the linear relation between the LIF signal and the added nitrogen flow it can be 
concluded that for nitrogen additions between 0 and 100 sccm, a fixed fraction of nitro-
gen is transformed directly or indirectly into CN. This means that the CN concentration 
in the flame can be regulated by adding a well-defined amount of nitrogen to the flame 
and, vice versa, that the added amount of nitrogen can be monitored by measuring the CN 
LIF signal. Furthermore, the relation between the CN LIF signal and the added amount of 
nitrogen can be applied to scale LIF images recorded during different growth runs with 
respect to one another. Scaling is necessary to account for small run-to-run differences 
that influence the LIF signal, such as a slightly different optical alignment. The observed 
linear relation between the CN LIF signal and the nitrogen flow is in correspondence with 
results reported by Vandevelde et al. [van96]. These authors have applied optical emis-
sion spectroscopy to characterize the plasma during microwave-assisted CVD of diamond 
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Figure 6.5:  The average LIF intensity of a 2.1 mm wide central area of the flame at 100 µm 
above the substrate, plotted as a function of the amount of nitrogen added to the flame; the solid 
squares give the LIF intensity, the error bars indicate the standard deviation; the solid line is a 
best linear fit to the data points. 
 
 
with controlled nitrogen addition, and observed a linear relation between the CN emis-
sion and the added nitrogen flow. Since the LIF measurements are semi-quantitative, they 
must be calibrated if absolute concentrations are required. This can be done by measuring 
species distributions with techniques other than LIF that do not suffer from collisional 
quenching, e.g. conventional absorption spectroscopy [wel97] and cavity ring down spec-
troscopy [sto99], which have both been applied before for measuring radical number den-
sities in oxyacetylene flame deposition of diamond. 
 
Figures 6.6a-d display the LIF profiles at 100 µm above the substrate (solid lines), CL 
signals (shown above each graph and in the background) and diamond deposition rates 
(dashed lines with solid squares) for samples grown with 0, 5, 15 and 25 sccm nitrogen 
addition. The LIF profiles were scaled with respect to each other. For the samples grown 
with nitrogen addition this was done as follows: the LIF profile as measured was divided 
by a factor given by the ratio of the average LIF signal of the flat central area and the sig-
nal for the same nitrogen addition as given by figure 6.5. Because of the low LIF inten-
sity in the centre of the sample grown without nitrogen addition, this profile was scaled 
by its left-hand LIF maximum (i.e. the maximum on the side of the incoming laser beam). 
To do so, the height of the left-hand LIF maxima of the samples grown with different ni-
trogen flows was determined, after which a value for the maximum at zero nitrogen flow 
was found by extrapolation. Scaling was done by dividing the measured LIF profile by 
the ratio of its measured left-hand LIF maximum and the maximum obtained by extrapo-
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lation. As can be seen in figure 6.6 the central LIF signal increases gradually with in-
creasing nitrogen flow. The height of the maxima located radially outward from the cen-
tre increases with increasing nitrogen addition. In figure 6.6b and c (a nitrogen addition 
of 5 and 15 sccm, respectively) and also for the sample grown with 10 sccm of nitrogen 
(not shown), the left-hand peak is considerably larger than the right-hand one. It is not 
quite clear what caused this difference. A reasonable explanation may be the decrease in 
laser power while the beam traverses the flame, because this results in a weaker LIF sig-
nal after the flame. If this effect causes the intensity difference between the LIF maxima, 
it is strange that the LIF maxima of the sample grown with 25 sccm of nitrogen addition 
are equally high. 
 
 
6.3.3 CL measurements 
CL topography measurements after growth display a radially changing luminescent be-
haviour of the diamond layers as shown in figure 6.6. The sample grown without nitrogen 
addition has a blue-emitting central area. This blue emission is known as band A lumi-
nescence [col92, dea65], which has been argued to be dislocation related [gra91, rua91]; 
it is indicative for highly pure diamond. At some distance from the centre orange-red lu-
minescence is observed, which, with an increasing distance from the centre, gradually 
turns to yellow in the outer zone. Previously reported CL spectroscopy measurements on 
flame-deposited samples [col92, per96] indicate, that this orange-red to yellow emission 
must be attributed to the well-known 2.16 eV system [vav80] and an accompanying 
broad luminescent band around 2 eV. The 2.16 eV system was found to be related to the 
incorporation of nitrogen as nitrogen vacancy (N-V) pairs [col92, rob89], while the band 
around 2 eV is probably induced by the presence of sp2 bonded carbon [ber93]. The col-
our shift from orange-red to yellow is caused by the fact that the peak of the luminescent 
band lies at wavelengths that decrease with increasing radial distance [per96], which is 
result of a decreasing amount of incorporated nitrogen [sch99]. In between the blue emis-
sion in the central area and the orange-red luminescence some pink luminescence occurs, 
which is probably due to a combination of orange-red luminescence from the 2.16 eV 
system and blue band A emission. At the outer rim of the diamond layer green lumines-
cence [sch95, per96] can be observed, which is attributed to a nitrogen-vacancy complex 
that emits at 2.33 eV [vav80, rob89]. Within a certain part of the orange-red region the 
signal is largely quenched. This region corresponds to the well-known annulus of en-
hanced growth and roughness generally encountered in flame CVD diamond layers  
grown at relatively low values of d [sch95, oak91, rav92, wan93]. Quenching occurs as a 
result of a change in morphology of the diamond layer. Whereas most of the layer con-
sists of strongly interconnected randomly oriented diamond crystallites bounded by 
{111} as well as {100} facets, the annulus shows some large isolated crystallites in a ma-
trix of amorphous features usually referred to as diamond-like carbon (DLC). A more de-
tailed discussion of the morphology of the diamond layers will be given in a forthcoming  





































Figure 6.6:  The combined results of CN LIF, growth rate and CL measurements as a func-
tion of the distance from the flame centre for nitrogen additions of 0 (a), 5 (b), 15 (c) and 25 (d) 
sccm; the solid lines are LIF profiles, taken at 100 µm above the substrate and measured during 
diamond deposition; the dashed lines with solid squares give the diamond growth rates; the col-
oured horizontal bars above the graph are the CL signals, which are also represented by the col-





Since no nitrogen was added during the deposition of the sample shown in figure 6.6a, 
the nitrogen incorporated in the layer originates from the ambient [sch95]. During the 
deposition process, nitrogen enters the acetylene feather, is transformed into several ni-
trogen containing species by reactive collisions with other flame species and/or thermal 
dissociation, becomes adsorbed at the diamond surface and is eventually incorporated 
into the diamond lattice. In the gas phase above the outer boundary of the deposits only a 
small fraction of the nitrogen is decomposed because of the relatively low local tempera-
ture and gas phase activation. Closer to the centre of the acetylene feather more nitrogen 
is transformed, which leads to a larger incorporation into the diamond lattice and a 
change in CL signal from yellow to orange-red. Directly above the annulus the amount of 
reactive nitrogen in the gas phase probably reaches a maximum, resulting in a maximum 
incorporation of nitrogen into the diamond crystal lattice and a quenching of the CL sig-
nal. Further inside the flame the indiffusion of nitrogen sharply decreases to zero, which 
results in blue band A luminescence in the central area. 
 
All samples grown with nitrogen addition do not show blue luminescence in their central 
area. At nitrogen flows of 5 (see figure 6.6b) and 10 sccm (not shown) the entire central 
area shows orange-red luminescence. With increasing nitrogen flows the intensity of the 
CL signal from the central area decreases, finally resulting in a confluence of the central 
area and the annulus (figures 6.6b to d) for the sample grown with a nitrogen flow of 25 
sccm. The total region (centre and annulus) appears dark with a large concentration of 
isolated orange spots, as is shown in figure 6.6d. From the change of the CL signal as a 
function of the nitrogen addition, it can be said that the incorporation of nitrogen in the 
central region is strongly influenced by the amount of nitrogen added to the oxyacetylene 
flame. Contrary to this the incorporation in the outer zone of the deposits, i.e. the region 
outside the annulus, seems to be unaffected by nitrogen addition: the radial variation of 
the CL signal in the outer zone does not change upon nitrogen addition. 
 
 
6.3.4 Analysis of the growth rate profiles 
In figure 6.6 it can be seen that with an increasing nitrogen addition, the diamond deposi-
tion rate in the central region of the flame first increases and then decreases again. This 
corresponds to results reported previously by one of the authors [sch99] for flame deposi-
tion carried out under similar conditions. With a nitrogen addition of 5 sccm the maxi-
mum central growth rate of about 60 µm/h is observed, which is more than 1.5 times the 
rate of the undoped sample. In the previous report an increase in growth rate by more 
than a factor of 2 was found. This difference in maximum deposition rate enhancement 
may be caused by the larger flame front-to-substrate distance and the lower substrate 
temperature used in the present work. The growth profiles in figures 6.6a,c and d have a 
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shape different from the one in figure 6.6b: the latter profile is nearly flat, whereas the 
others display maxima away from the centre as is generally observed for undoped sam-
ples [sch95, oak91, rav92, wan93]. On close observation, it can be seen that the growth 
rate in the centre reaches a maximum value at 5 sccm of added nitrogen, whereas the 
growth rate in the annulus does so at 15 sccm. Apparently, the growth rates of centre and 
annulus behave differently as a function of the added amount of nitrogen. Assuming a 
different behaviour, the evolution of the growth profiles in figure 6.6 can be described as 
follows. In the case of the sample grown without nitrogen addition, nitrogen coming from 
the ambient enhances the growth rate at a radial distance of about 3 mm from the centre 
resulting in the formation of the annulus; in the centre no nitrogen is present. Upon the 
addition of 5 sccm of nitrogen the growth rate at 3 mm from the centre does not change 
much; the central growth rate, on the other hand, increases and becomes as large as the 
rate in the annulus, resulting in a flat growth profile. With an addition of 15 sccm the cen-
tral growth rate decreases significantly and the rate in the annulus increases, which results 
again in an overall growth profile with maxima on both sides of the centre. Finally, the 
addition of 25 sccm of nitrogen leads to a decrease of the growth rate in both the annulus 
and the centre. Very likely, a different behaviour of the growth rate in centre and annulus 
as a function of the added amount of nitrogen is related to differences in local gas phase 
composition and chemistry. 
 
Following the behaviour of the CL signal in the outer zone, the growth rate in the outer 
zone does not seem to be influenced by the added amount of nitrogen. Both observations 
indicate that the deposition process in the outer zone is almost fully determined by the 
interaction of the flame with the ambient. In the central area the diamond deposition de-
pends strongly on the applied growth conditions, as follows from the changes in growth 
rate and CL signal as a function of the added nitrogen flow. Based upon these findings 
and in agreement with previous work [sch99], the area of diamond deposition can be di-
vided into three zones: the central area, the outer zone and, in between, the annulus. 
Whereas the diamond deposition in the other two zones is influenced by either the growth 
parameters or the ambient, the annulus is determined by both. Therefore, the annulus can 
be regarded as a marker, which indicates how far the influence of the ambient stretches 
into the flame and how large the area is in which the deposition is controlled by the 
growth conditions. 
 
In figure 6.6 it can be seen that both the maxima in the CN LIF signal and the growth rate 
(except for figure 6.6b) move radially inward with an increasing nitrogen addition. Fur-
thermore, in all cases the growth rate maxima are further inside the flame than the LIF 
maxima. The latter can be explained by considering the diamond growth rate as being 
composed of two separate contributions: one that represents the growth rate without the 
presence of nitrogen and one that represents an additional growth rate caused by nitrogen 
(added or coming from the ambient air). In the case of diamond growth without nitrogen 
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addition this existence of two contributions to the growth rate has already been suggested 
by Klein-Douwel and Ter Meulen [kle98b]. From LIF and growth rate measurements 
they found a good match between the radial H distribution close to the depositon sub-
strate and the growth rate profile in the whole area of diamond deposition except for the 
annulus. Based on the results of earlier work [kle98a] they ascribed the disproportion-
ately high growth rate in the annulus to the presence of nitrogen-containing species, 
which positively influence the diamond growth rate. Following the relation between the 
growth rate and the H distribution as obtained by Klein-Douwel and Ter Meulen 
[kle98b], the shape of a suitable H LIF profile can be used as a representation of the 
growth rate profile in the absence of nitrogen. Since Klein-Douwel and Ter Meulen per-
formed their measurements under experimental conditions similar to the ones applied in 
the present paper, the H LIF profiles recorded at a distance d of about 2 mm, which look 
like a flattened parabola, can be used for this purpose. In figure 6.7 the growth rate in the 
absence of nitrogen is given by a dotted line. The contribution of nitrogen to the growth 
rate is assumed to be represented by two parabolas (dashed lines), which approximately 
describe the measured CN LIF profile. Unlike this profile, the parabolas go to zero at a 
radial distance of 6 mm, because this is as far as the outer rim of the deposited diamond 
layer stretches. The overall growth rate, which is the sum of the two contributions, is 
given by the solid line. It can be seen that the maxima of the overall rate are shifted in the 
direction of the centre by about 0.5 mm, which is the behaviour observed in figure 6.6a 
for the positional difference of the growth rate and LIF maxima. This simple analysis 
shows that CN or a closely related species can very well be reponsible for the enhanced 
growth rate, because the observed inward shift of the growth rate maxima with respect to 
the LIF maxima is expected for a species responsible for the influence of nitrogen addi-
tion. It is necessary to mention “closely related species” here, because the distance of 100 
µm above the substrate at which the CN profiles are measured is large enough to allow 
for, possibly reactive, collisions of CN with other gas phase species. A similar analysis 
can be made for layers deposited with nitrogen addition. Because of the above-mentioned 
possible difference between the nitrogen-dependent contribution to the growth rate in the 
centre and that in the annulus, the growth rate profiles of layers grown with nitrogen ad-
dition are described by three contributions instead of two: one for the growth rate in the 
absence of nitrogen, one for the influence of nitrogen on the central growth rate and one 
for the influence of nitrogen on the growth rate in the annulus. By means of this descrip-
tion with three contributions the inward shift of the growth rate maxima in figure 6.6c 
and d and the flat growth rate profile of figure 6.6b can be explained. 
 
To investigate to what extent the description of the growth rate as a sum of different con-
tributions corresponds to reality, it would be very interesting to study the influence of ni-
trogen addition in a flame shielded from the ambient by a coflow. This coflow should 
consist of a mixture of 20% oxygen in an inert gas (e.g. argon), which allows the secon-
dary combustion processes in the flame to happen and excludes the possibility of ambient 
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Figure 6.7: Explanation of the inward shift of the growth rate maxima with respect to the CN 
LIF maxima; the growth rate is considered to be the sum of two contributions, viz. the rate with-
out nitrogen (dotted line) and the rate due to the presence of nitrogen (dashed line); the solid line 
represents the sum of the two contributions and show that the maxima in the overall profile are 
shifted inward with respect to the maxima in the rate due to nitrogen (which are located at the 
position of the CN LIF maxima). 
 
 
nitrogen entering the flame. In this way, a diamond growth rate profile without any influ-
ence of nitrogen can be determined, and the influence of nitrogen addition on the growth 
(rate profile) can be studied without the disturbance by nitrogen from the ambient. A 
study of the influence of nitrogen addition on diamond deposition in a low pressure flat 
oxyacetylene flame has been conducted by Wolden et al. [wol98]. Their results, however, 
are not comparable to the ones presented in the current paper, because of the large differ-
ence in the CVD reactors used. 
 
In earlier work, Klein-Douwel et al. [kle98a] have reported measurements on an oxya-
cetylene flame, which show that the position of the maxima in CN LIF profiles taken at 
365 µm above the substrate and that of the annulus of enhanced growth coincide. As dis-
cussed above, this is not the case for LIF profiles taken at 100 µm. This demonstrates the 
importance of performing the LIF measurements and, in general, measurements to deter-
mine the role of species in the diamond deposition process, as close to the deposition sub-
strate as possible. The conclusion of Klein-Douwel and co-workers that the presence of 
CN or a closely related species may strongly influence the diamond growth rate, is sup-





6.3.5 Further relations between LIF, growth rate and CL 
As mentioned above in the discussion of the CL measurements, the nitrogen incorpora-
tion into the central area of the diamond layer increases with the added amount of nitro-
gen. Figure 6.5 shows that the CN LIF signal in the centre of the flame increases linearly 
with the added amount of nitrogen. Since the LIF signal is linearly proportional to the CN 
concentration, it follows that, in the central area, the nitrogen incorporation in the layer 
increases with the CN concentration. 
From a comparison of the positions of the CN LIF maxima and the region where the CL 
signal quenches it follows, that the LIF maxima are at or slightly outside the outer rim of 
this region for the sample grown without nitrogen addition, and move closer towards the 
centre of the flame with increasing nitrogen addition. This means that in this region there 
is no clear relation between the incorporation of nitrogen and the presence of CN. It is 
remarkable that the quenching of the CL signal in the annulus occurs at a lower CN LIF 
signal than the quenching in the central region: one can compare, e.g., the LIF signal in 
the annulus of the sample grown with 0 sccm nitrogen addition (CL quenching) to the 
central LIF signal of the sample grown with a 15 sccm addition (less CL quenching). This 
may support the statement made earlier that the influence of nitrogen addition on the 
diamond growth mechanism in centre and annulus may be different. Care must be taken, 
however, that the collisional quenching of the CN LIF signal in the two regions men-
tioned may be different and that the difference in CN concentration may be smaller than 
the difference suggested by the CN LIF signal. 
 
With respect to the relation between the CL signal and the growth rate maxima, it can be 
noticed that the maxima are closer to the centre of the flame than the region, in which the 
CL signal is largely quenched. Apparently, the amount of incorporated nitrogen in this 
region has deteriorated the crystal structure to such an extent, that the growth rate has de-
creased. It is noticeable that the growth rate at the outer rim of the region with the 
quenched CL signal is never larger than about 50 µm/h and is about 40 µm/h or lower in 
most cases. This may be related to the observation that the central growth rate of the 
sample grown with 25 sccm of nitrogen, where the central CL signal is quenched, is also 




In this work, the influence of nitrogen addition on oxyacetylene flame deposition of dia-
mond and the role of the CN radical therein was studied. To do so, gas phase distributions 
of the CN radical were measured and compared to the radially changing growth rate and 
nitrogen incorporation into the deposited diamond layer. It was found that the relative CN 
concentration around the centre of the flame is linearly proportional to the amount of ni-
trogen added to the flame in the flow range from 0 to 100 sccm of nitrogen. This means 
that the amount of CN present in the flame can be regulated by controlling the added 
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amount of nitrogen. Furthermore, the added amount of nitrogen can be monitored by 
measuring the CN LIF signal, a result that can be of importance for tailoring diamond 
layers with specific properties. 
 
Nitrogen addition to the source gases greatly influences diamond growth in the central 
zone of the diamond layer, whereas the features in the outer zone appear to be unaffected 
by the added nitrogen and seem to depend mostly on indiffusion and entrainment of air 
from the ambient. The annulus, which marks the transition between the central region and 
the outer zone, is influenced by both the applied growth conditions and interaction with 
the ambient. The evolution of the growth rate profile as a function of the added nitrogen 
flow and the observation that the growth rate maxima lie further inside the flame than the 
LIF maxima, can be explained by a description of the growth rate with three contribu-
tions: one for the growth rate in the absence of nitrogen, one for the influence of nitrogen 
on the central growth rate and one for the influence of nitrogen on the growth rate in the 
annulus. The possibly different influence of nitrogen on the diamond growth process in 
centre and annulus is very likely to be caused by differences in local gas phase composi-
tion and chemistry. 
 
Conclusively, it can be said that the measurements described in this paper strongly indi-
cate that CN (or a closely related species) may be the major species or one of the major 
species responsible for the effects of nitrogen addition during flame deposition of dia-
mond. Additional research is necessary to determine whether nitrogen-containing species 
other than CN can be responsible for the effects of nitrogen addition during flame CVD 
of diamond. Interesting challenges for the future are the determination of absolute gas 
phase CN concentrations and the amount of nitrogen incorporated into the diamond layer. 
Information from such measurements would enable a quantification of the influence of 
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Chapter 7: The influence of nitrogen addition on 
oxyacetylene flame CVD of diamond as studied by 




The effect of nitrogen addition on oxyacetylene flame deposition of diamond has been 
investigated. Two-dimensional laser-induced fluorescence measurements of CN radi-
cal distributions in the flame during deposition have been performed. These meas-
urements show that nitrogen added to the source gases and nitrogen from the ambient 
air dominate the CN formation in the central and outer flame area, respectively. Both 
sources of nitrogen have a significant influence in the area in between the other two. 
Most of the observed film morphologies, which were studied by scanning electron 
microscopy, can be understood from the recently developed deterioration-gradient 
(DG) model for CVD diamond growth [the01, sch02]. It was found that the nitrogen 
range in which the α-parameter, defined by Wild et al. [wil93], changes from slightly 
below or equal to 1.5 to a value of 3 or more is extremely narrow. This implies that 
under the present experimental conditions it is very hard or impossible to grow a layer 
with a central area consisting of <001> oriented {001} topped crystallites. Observed 
radial changes in the morphology of the sample grown without nitrogen addition were 
explained from radial changes in the gas phase composition, caused by interaction of 
the flame with nitrogen and, presumably, oxygen from the ambient air. The central 
growth rate as a function of the nitrogen flow shows an increase by more than a factor 
of 1.5 in going from 0 to 5 sccm and stays more or less constant between 5 and 25 
sccm. From Raman spectra of the central area it clearly followed that under the pre-
sent conditions even the smallest added nitrogen flow results in a decrease of the film 
quality. This may be related to a possible stimulation of the growth of non-diamond 
carbon compounds by nitrogen. A correlation, the origin of which is not known, was 
found between the stepwise narrowing of a broad band in the Raman spectra, which 
was attributed to non-diamond carbon, and changes in the morphology of the diamond 
films. Combining the present data with findings from literature, support is generated 
for the idea that CN is important in causing the effects of nitrogen on diamond 
growth. 
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7.1 Introduction 
Chemical vapour deposition (CVD) techniques for the growth of diamond layers have 
opened a wide range of applications for this very promising material. Nitrogen addi-
tion during diamond CVD even widens the possibilities because it can favourably al-
ter the properties of the deposited diamond. Under appropriate conditions nitrogen 
addition favours an <001> texturing of the diamond layers [asm98, loc94, cao96, 
sch99, jin94], enabling the growth of smooth films with {001} crystallite facets paral-
lel to the substrate surface. Another effect of nitrogen addition is an enhancement of 
the growth rate [mul96, sch99 ,ata99 ,boh96, jin94]. Despite all research efforts the 
mechanisms through which nitrogen affects diamond growth are not known and due 
to the large differences in growth conditions, these mechanisms may differ for the 
various CVD techniques. By the use of techniques such as secondary ion mass spec-
trometry [cao95], photoluminescence (PL) [fre90], cathodoluminescence (CL) [col92, 
sch99] and elastic recoil detection [berg96], it has been shown that nitrogen is incor-
porated into the diamond crystal lattice of layers that have been deposited with nitro-
gen addition. For its incorporation it is necessary that nitrogen is transferred from the 
gas phase to the growing diamond surface by one or more reactive nitrogen-
containing species. A very useful deposition technique for obtaining insight into the 
mechanisms of nitrogen influence on diamond CVD is oxyacetylene flame deposition 
in open air. Nitrogen from the air enters the flame and interacts with it to form nitro-
gen-containing species [sch95]. As a consequence the gas phase from which diamond 
is grown is not homogeneous in radial direction. This is reflected in the inhomogene-
ity of the deposited diamond layers. In the central area of these, no nitrogen or very 
little nitrogen is detected by means of CL [col92, kle98, sto00]. In an annulus of en-
hanced growth and roughness typical for flame-grown samples [oak91, sch95], which 
has a morphology different from that in the centre, a relatively large amount of nitro-
gen is incorporated [col92, kle98]. The morphology of the central area changes if ni-
trogen is added to the flame and CL also shows nitrogen incorporation [sch99]. From 
this it follows that the observed difference between centre and annulus in samples 
grown without nitrogen addition results from the presence of nitrogen and that the an-
nulus is a result of nitrogen entrainment from the ambient air. This leads to the sug-
gestion that nitrogen-containing species that are responsible for the observed effects 
of nitrogen on diamond CVD should be present in the gas phase above the annulus. 
Since an annulus is mostly still observed if nitrogen is added to the flame, the radial 
concentration profile of the responsible nitrogen species should also in this situation 
have a radial concentration profile with maxima away from the centre. Okkerse et al. 
[okk01] performed two-dimensional numerical simulations of oxyacetylene flame 
deposition with the addition of nitrogen, and used the necessary presence of off-axis 
maxima in the concentration profile, to select the nitrogen-containing species that may 
be of direct importance for the influence of nitrogen addition on diamond growth. 
They end up with N, NH, NH2, NH3, CN, HCN, and NCO, excluding e.g. NO, which 
shows a different concentration profile. From the list of possible candidates most in-
formation with respect to diamond growth is reported on CN [van97, wel97, kle98, 
fir99, sto00, smi01, sto01] and HCN [tsa97, lee99, ata99, okk01]. 
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HCN gas been measured by means of molecular beam mass spectrometry in a hot 
filament reactor and was found to be the dominant nitrogen-containing gas phase 
molecule [tsa97, lee99]. With respect to this it should be stressed that no nitrogen-
containing radicals could be measured. In the case of oxyacetylene flame CVD the 
simulations by Okkerse et al. [okk01] and calculations by Atakan et al. [ata99] show, 
that the HCN radical is one of the dominant gas phase species when nitrogen is added.  
 
More experimental data are available for the CN radical, which has been measured in 
various CVD reactors using a number of optical techniques. Optical emission spec-
troscopy has been used to detect CN during microwave CVD [loc94, van97, hon95] 
and in a DC-arc jet reactor [smi01]. Conventional absorption [wel97, fir99], cavity 
ring down spectroscopy (CRDS) [sto02a] and two-dimensional laser-induced fluores-
cence (LIF) [kle98, sto00] have been applied for measuring CN in oxyacetylene flame 
CVD. In the LIF measurements radial CN profiles showed off-axis maxima which is 
in correspondence with the mentioned numerical simulations [okk01]. It was found 
that the maxima in the radial LIF profiles were slightly further away from the centre 
than the maxima of the radial growth rate profile. From a simple explanation it fol-
lowed that the observed positional difference is to be expected for any (nitrogen-
containing) species that causes an enhanced growth rate [sto00a], and that it therefore 
supports a possible role of the CN radical in the growth mechanism. Butler [but98] 
has proposed a surface mechanism which explains, amongst other things, the in-
creased twin density on diamond {111} faces which occurs upon nitrogen addition. In 
this mechanism nitrogen is incorporated into the diamond via attachment of the CN 
radical to a reactive surface site.  
In literature the number of papers dealing with controlled nitrogen addition during 
oxyacetylene flame deposition is rather limited. Atakan et al. [ata99] have investi-
gated the effect of the addition of four different nitrogen compounds. For the addition 
of molecular nitrogen they found that the diamond growth rate as a function of the 
added amount of nitrogen first showed an increase and then reached a plateau, and 
that the diamond quality decreased upon nitrogen addition. Schermer and De Theije 
[sch99] have studied the influence of nitrogen addition and found a maximum in the 
central area growth rate as a function of the nitrogen addition. For a specific range of 
nitrogen additions they observed that the central area of their films was <001> tex-
tured with {001} topped crystallites. Finally there are the numerical simulations of 
Okkerse et al. [okk01] mentioned above. 
 
The experiments described in the present paper were performed with a set-up very 
similar to that used by Schermer and De Theije [sch99] under partly different condi-
tions. Diamond layers were grown with a range of nitrogen additions and were char-
acterized by a number of techniques. Scanning electron microscopy (SEM) was used 
to study the morphology, optical microscopy to determine the growth rate and Raman 
spectroscopy to assess the quality and composition of the films. During deposition 
LIF was employed to measure two-dimensional CN distributions in a way described 
in previous work by our group [kle98, sto00, sto00a]. This laser technique provides a 
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sensitive, highly specific and non-intrusive way to measure species distributions in a 
variety of environments including flames [luq96, shi00]. When saturation is avoided, 
the fluorescence signal is linearly proportional to the concentration of the species un-
der examination. At atmospheric pressure, however, the proportionality constant, 
which is related to collisional quenching, is not known. Therefore no absolute concen-
trations follow from the measurements. In this paper radial profiles of the CN LIF 
signal at 100 µm above the substrate are used for further analysis and, as will be dis-
cussed in section 7.3.1, can be regarded as semi-quantitative, at least within an area 




The set-up for and method of oxyacetylene flame deposition of diamond used, has 
been described extensively by Schermer et al. [sch93]. Adaptations necessary to en-
able controlled nitrogen addition can be found in papers by Schermer and De Theije 
[sch99] and by Stolk et al. [sto00a]. For the reader’s convenience a short overview of 
the main aspects of the set-up and the experimental parameters will be given. The 
flame was fed with highly pure gases (Indugas). A mixture of acetylene (99.6%), 
oxygen (99.995%) and, if added, nitrogen is burnt with an unmodified commercial 
welding torch with an orifice of 1.3 mm in diameter. Mass flow controllers (MFC) are 
used to regulate the gas flows. The oxygen flow is set at a constant value of 2.5 stan-
dard litres per minute (SLM) and the acetylene flow is tuned to give an acetylene su-
persaturation (Sac) of 4%. Sac is defined as the percentage of excess acetylene fed to 
the burner compared to the amount needed to obtain a neutral flame with the same 
oxygen flow, a neutral flame being one that is neither acetylene nor oxygen rich 
[sch93]. Nitrogen is added via a line connected to the oxygen line, in flows ranging 
between 0 and 100 standard cubic centimetres per minute (sccm), which corresponds 
to nitrogen concentrations between 0 and 18 ppt (parts per thousand). The total gas 
flow is about 5.5 SLM. For an optimal use of the nitrogen MFC, nitrogen flows of 25 
sccm and lower are added from a nitrogen/oxygen mixture (29.5/70.5), whereas larger 
nitrogen flows are added from a bottle with pure nitrogen (99.999%). The extra oxy-
gen flow that goes together with the use of the mixture, is corrected for. 
Diamond deposition takes place on a 12×12×0.5 mm3 molybdenum square with a 
controlled surface temperature of 1025 °C ± 15 °C. The substrate is pre-treated by 
scratching with µm-sized diamond powder in a standard way [sch99, sto00]. The dis-
tance between the flame front and the substrate, determined by using a CCD camera 
[kle98], lies in the range between 1.8 and 2.3 mm and is specified for each sample in 
Table 7.1. All growth runs lasted for one hour, except for the one performed with an 
added nitrogen flow of 5 sccm. This run was stopped after 55 min because of prob-
lems with the cooling of the substrate. 
The two-dimensional LIF measurements are performed in a way similar to the one 
used by Klein-Douwel et al. [kle98] and have been described in previous work  
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Table 7.1: Overview of the nitrogen-
flows and the corresponding distances 


















[sto00a]. The CN radical is detected by using the rotational bandhead at 359.1 nm of 
the B2Σ+ (v’=1) ← X2Σ+ (v”=0) transition for excitation and collecting the fluores-
cence of the (v”=1,v’=1) transition. Tunable laser light suitable for inducing excita-
tion is generated by KDP frequency doubling of the output of a Nd:YAG-dye laser 
combination (Quantel YG 781 C10 and Quantel TDL 50, respectively) running on 
Pyridine 1. The resulting laser light has a bandwidth of 0.25 cm-1 and is emitted in 5 
ns pulses at a repetition rate of 10 Hz. To enable CN detection in a two-dimensional 
plane, a system of cylinder lenses is used to shape the laser beam into a vertical sheet, 
which is guided through the centre of the flame. At the position of the flame the sheet 
has a laser power of about 50 µJ/pulse. Detection of the fluorescence is done by 
means of an image intensified Peltier cooled CCD camera (La Vision Flame Star II), 
which is positioned in a direction perpendicular to that of the laser beam. It is 
equipped with four reflection filters (Laser Optik) with a bandwidth of about 13 nm, 
to select the fluorescence from the (v”=1, v’=1) transition. The camera is triggered by 
the Q-switch of the laser and opens after a delay for a time window of 20 ns, thus re-
ducing the natural flame emission by a factor of 5·106. Care is taken to avoid satura-
tion of the CN excitation [hir94]. The measured LIF distributions are corrected for 
background signal by subtraction of an off-resonant LIF image from a resonant one 
measured at 359.1 nm. After this the resulting signal is corrected for the inhomogene-
ous vertical distribution of the laser power in a method similar to that described in 
[kle98]. All resonant and off-resonant images are averages of 10 images, each of 
which is composed of the summed signal of 100 laser shots. The spatial resolution is 
40 µm. 
 
SEM images to study the morphology of the diamond films are recorded on a FEG-
SEM (JEOL JSM 6330 F). The central growth rate of the diamond layers is deter-
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mined by measuring the thickness of the diamond films by means of an optical micro-
scope [sch93]; the accuracy of the measured layer thickness is about 5 µm. Raman 
spectra (Dilor XY multichannel spectrometer), from which information about the 
layer quality and composition can be extracted, are recorded at room temperature, us-
ing the 514 nm line of an Ar+ laser for excitation. The signal is detected with a photo-
diode array. Because the spot size is about 1 mm2 the recorded Raman spectra do not 
result from one single crystallite, but are integrated over a large number of crystallites 
and grain boundary material. Raman spectroscopy is only used for studying the cen-




7.3.1 LIF measurements 
Figure 7.1 shows horizontal LIF intensity profiles which have been obtained from the 
measured two-dimensional CN LIF distributions. The profiles are the average signal 
of an 80 µm high strip centred at 100 µm above the substrate. To account for run-to-
run differences in e.g. exact alignment, they were scaled as described in reference 
[sto00a]. In other work [sto02a] it was found that the shape of LIF profiles taken at 
720 µm above the substrate is similar to that of absolute concentration profiles, meas-
ured with cavity ring down spectroscopy (CRDS) at the same height in a nearly iden-
tical system and under very similar conditions. Assuming that such a similarity also 
exists at a smaller height above the substrate, this means that the shape of the ob-
served LIF profiles reflects the actual radial distributions of the CN radical. Besides, it 
also shows that a radial variation of collisional quenching is not dominant in deter-
mining the shape of the LIF profile. In figure 7.1 it can be seen that for the measure-
ment without nitrogen addition hardly any signal is detected in the centre, whereas 
there clearly is LIF intensity at some distance outside the centre. This observation is 
in correspondence with work of Klein-Douwel et al. [kle98]. The CN responsible for 
the maximum outside the centre is formed in an interaction between the flame and 
nitrogen from the ambient air [sch95]. The observation that the LIF maximum on the 
left-hand side, which is the side from which he laser beam enters the flame, is 
stronger than the one on the right-hand side may be explained by the attenuation of 
the laser beam by the flame. Because of the absence of saturation effects the LIF sig-
nal is linearly proportional to the exciting laser power, which means that a lower 
power results in a lower signal. Both the maximum and the central LIF signal increase 
upon nitrogen addition, but the height of the maximum with respect to the central sig-
nal decreases, which results in a relatively flat LIF profile for a nitrogen addition of 
60 sccm. The LIF profiles measured at larger nitrogen flows, which are not displayed, 
look similar to the 60 sccm profile.  
 
Combining the LIF profiles obtained with and without nitrogen addition, it follows 
that in radial direction three areas can be identified, in which the LIF signal responds 
differently to the added nitrogen. Within a central area with a radius of about 2 mm 
around the flame axis the nitrogen signal is (almost) fully determined by the added  
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Figure 7.1: Radial profiles of the CN LIF signal for the indicated nitrogen additions; the 




nitrogen. This follows from the fact that without addition there is no signal and with 
addition there is. Further outside lies the area where the LIF maximum is situated. In  
this area both the added nitrogen and nitrogen from the ambient have an influence on 
the CN signal. This conclusion is based upon the observation that there is already sig-
nal when no nitrogen is added, which increases when nitrogen is added. Outside this 
area nitrogen from the ambient is expected to be the dominant nitrogen source for CN 
production, although even in this area some increase of the LIF signal occurs upon 
nitrogen addition (see figure 7.1). Taken together, it can be said that the influence of 
the added nitrogen decreases with increasing radial distance from the centre. The op-
posite is true for nitrogen from the ambient. The division of the gas phase closely 
above the deposition substrate into three areas where the two nitrogen sources have a 
different relative importance for the CN production, is in agreement with earlier find-
ings [sto00a, sch99, sto00b]. Numerical simulations by Okkerse et al. [okk01a] on 
nitrogen addition during flame CVD of diamond support a dominant role for added 
nitrogen in the central area. They show that for values of d up to at least 2.6 mm, ni-
trogen from the ambient does not enter the central region. Furthermore, it follows 
from the simulations that the amounts of nitrogen-containing species that diffuse from 
the outside of the flame to the centre are insignificant when compared to the amounts 
generated from added nitrogen. 
 
In figure 7.2 a LIF profile measured with a nitrogen addition of 60 sccm is displayed 
together with the absolute CN density profile from CRDS measurements obtained for 
a nitrogen flow of 50 sccm [sto02a]. The LIF profile, the average signal of a 80 µm 
high vertical strip, was measured at 740 µm, the CRDS profile at 730 µm above the 
substrate. It can be observed that both profiles are flat within a radial position of 1.5  
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Figure 7.2: CN LIF profile (solid line) obtained during the experiment with 60 sccm of 
nitrogen addition, representing the signal of a 80 µm high strip centred at 740 µm above the 
substrate, together with a CRDS profile (solid circles) measured under very similar experi-




mm. Because the LIF intensity is proportional to the product of CN concentration and 
detection efficiency (including quenching) it follows, that the detection efficiency in 
the area within a radius of 1.5 mm is constant. A constant detection efficiency implies 
that the collisional quenching does not change radially in the mentioned spatial range. 
Additionally, the flat concentration profile indicates a constant temperature in this 
area as well. It seems safe to assume that the radial constancy of temperature and 
quenching is also met closely above the substrate. With respect to the temperature 
profile this is supported by the results of numerical simulations [okk00, okk01], which 
close to the substrate indeed show that the radial temperature profile is practically flat. 
A constant quenching in the central area should also hold for the other nitrogen addi-
tions, because the addition of nitrogen does not significantly influence the combustion 
chemistry of non-nitrogen species in the flame [okk01]. Besides, a linear relation be-
tween the central CN LIF intensity and the added nitrogen flow reported in [sto00a] 
for the current range of nitrogen flows, leads to the conclusion that nitrogen itself 
does not influence the LIF detection efficiency. From the above it follows that the LIF 
measurements can be looked upon as semi-quantitative. 
 
 
7.3.2 Morphology  
Figure 7.3 shows the central area morphology of the grown samples. At a 0 sccm ni-
trogen addition (figure 7.3a) the central area of the layer shows a morphology which 
is typical for flame grown samples: a closed layer formed by randomly oriented crys-
tallites which show {111} as well as {001} facets. At an addition of 5 sccm (figure 
7.3b) a completely different morphology is observed. The dominantly occurring crys-
The influence of nitrogen addition … 
 109 
tallites have much larger linear dimensions than the ones in the 0 sccm sample. The 
sample shows a high density of {111} facets aligned more or less parallel to the sub-
strate. Twin formation can be observed on most of these {111} top facets. As com-
pared to the sample grown without nitrogen addition, the 5 sccm sample has a signifi-
cantly larger roughness. 
 
For nitrogen additions starting at 10 sccm (figure 3c), the crystallites are oriented with 
their <001> crystallographic direction parallel to the surface, indicating <001> fibre 
texture, and are bound by {111} side faces. Virtually no {001} top facets are ob-
served, meaning that they have grown out of the crystallites by a high growth rate in 
the <001> direction. At nitrogen flows of 10 sccm and larger the samples show 
groups of larger and of smaller crystallites, which evolve similarly with the added ni-
trogen flow, but at a different pace. The crystallites in both groups increase in size 
with an increasing nitrogen addition, while the number of larger crystallites decreases. 
From figures 7.3c-i (10-100 sccm) the {111} facets show increased twinning or other 
types of secondary nucleation ranging from almost clean facets for a nitrogen flow of 
10 sccm to practically completely deteriorated facets at 100 sccm. For the 10 and 15 
sccm sample a closed layer is seen. Starting at 25 sccm the layer breaks up and the 
smaller crystallites become clearly more deteriorated than the larger ones. Close in-
spection of figure 3 reveals that the smaller crystallites are almost fully deteriorated 
for nitrogen flows of 40 sccm and higher, whereas for the larger crystallites this is 
only the case for the 100 sccm sample, for which only very few large crystallites are 
left.  
 
In figures 7.4a-f SEM images of the 0 sccm sample taken at different radial positions 
and starting from the centre are displayed, which reveal the large morphological di-
versity found for this sample. Figure 7.4a shows the morphology in the centre of the 
sample, which can also be observed in figure 7.3a. At a distance of 2.4 mm away from 
the centre (figure 7.4b) the crystallite size has greatly increased, and the morphology 
shows some resemblance to that of the central area of the 5 sccm sample (figure 3b). 
The major difference is, that for the 5 sccm sample the {111} triangular shape is the 
dominant crystallite shape, whereas twin formation has undone this dominance in the 
morphology displayed in figure 7.4b. Figure 7.4c, an image taken at 3.2 mm outside 
the centre, shows a variety of morphologies. All through the image, <001> oriented 
crystallites are present with a morphology that becomes more open when going from 
the left- to the right-hand side of the figure, which is the direction away from the cen-
tre. Both larger and smaller crystallites with the <001> orientation are met. From 
these observations the morphology looks like that in the central area of the samples 
grown with 10 sccm of nitrogen and more. Based on the extent of secondary nuclea-
tion on the {111} side facets the morphology comes closest to the central area mor-
phologies of the 25 and 40 sccm samples. Besides the <001> oriented crystallites 
without {001} top facets, also {001} topped specimina are found, as well as an occa-
sional {111} topped crystallite. More {001} topped crystallites are observed in figure 
7.4d, which shows the morphology at a radial position of 3.5 mm. Still, there are non- 
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Figure 7.3: SEM images of the morphology in the central area of the diamond films 
grown with nitrogen additions of: 0 sccm (a), 5 sccm (b), 10 sccm (c), 15 sccm (d), 25 sccm 




topped <001> oriented crystallites and the morphology can be placed somewhere in 
between the central area morphologies of the 40 and 60 sccm samples (figures 7.3f 
and g, respectively), the crystallite size in figure 7.4d being smaller. On the left-hand 
side of figure 7.4e, an image taken at 3.7 mm from the central axis, the density of 
{001} topped crystallites has greatly increased. Finally, this gives rise to a beautiful 
morphological and structural phenomenon: a <001> textured ring with a width of only 
some tens of µm. Outside this ring, a closed layer with randomly oriented crystallites 
is found, as can be seen for a distance of 4.1 mm from the centre in figure 7.4f. Fur-
ther outside, the morphology is the same, with crystallite dimensions that decrease 
with the radial distance. In all images where {001} topped crystallites are found, it 
can be seen that these facets are not equally sized. 
 
 
7.3.3 Central area growth rate 
In figure 7.5 the average growth rate of the homogeneous central area is plotted for 
nitrogen flows up to 25 sccm. For all samples the growth rate of the highest layer of 
crystallites is given. A nitrogen flow of 5 sccm results in an increase of the growth 
rate with a factor of more than 1.5, in correspondence with the frequently reported 
nitrogen-induced growth rate enhancement [mul96, sch99, ata99, boh95, jin94]. This 
increase in growth rate is clearly lower than that observed by Schermer and de Theije 
[sch99] for their experiments with a similar set-up. The difference between our results 
and theirs must result from the different values for d that have been used: our average 
value of 2.0 mm as compared to 1.2 mm. From this it follows that the effect of nitro-
gen addition on the growth rate decreases when d becomes larger. In figure 7.5 it can 
be noticed that for all nitrogen additions the growth rate always remains larger than  
Chapter 7 



































Figure 7.4: SEM images of the morphology of the sample grown without nitrogen addi-
tion at different radial distances from the centre: (a) 0 mm, (b) 2.4 mm, (c) 3.2 mm, (d) 3.5 
mm, (e) 3.7 mm, and (f) 4.1 mm; the images are on the same scale as those in figure 7.3. 
 
 
that of the 0 sccm sample. At a nitrogen flow of 10 sccm there is a dip in the graph. 
This may be explained by the fact that the value of d for the 10 sccm sample was lar-
ger than for the surrounding 5 and 15 sccm samples (2.3 mm as compared to 2.0 and 
2.1 mm, respectively), which can result in a lower growth rate [sch93]. In fact, the  
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Figure 7.5: Growth rate of the central area of the diamond layers; the inaccuracy shown 
by the error bars is about 5 µm; the dashed line is drawn to guide the eye. 
 
 
course of the growth rate as a function of the added nitrogen flow as shown in figure 
7.5, except for the difference between the growth rates at 0 and 5 sccm, can (in part) 
be ascribed to the differences in d values at which the samples were grown, if it is as-
sumed that a larger d leads to a lower growth rate and a smaller d results in a higher 
rate. Comparing the d values for the samples between 0 and 25 sccm, which can be 
found in Table 7.1, to their average value of 2.1 mm then shows that if d had been 
equal for all samples, the growth rate for the 5 sccm sample would have been rela-
tively lower, whereas the rates for the 10 and 25 sccm samples would have been 
higher. The rates of the 0 and 15 sccm samples would be equal to the current ones. It 
follows that accounting for the differences in d reduces the fluctuations that are visi-
ble in figure 7.5. Conclusively, it can be said that the samples grown with nitrogen 
additions between 5 and 25 sccm all have a larger central area growth rate then the 0 
sccm sample, and that the central area growth rate does not show a pronounced 
maximum as observed for the smaller d value used in [sch99]. For nitrogen addition 
during oxyacetylene flame CVD of diamond, Atakan et al. [ata99] report a relation 




7.3.4 Raman spectroscopy 
Figure 7.6a displays the Raman spectra of the central area of the samples. In figure 
7.6b the spectrum of the 0 sccm sample is displayed, which shows a very strong dia-
mond Raman line and the lowest relative background signal of all samples. From the 
high diamond to non-diamond ratio it follows that the sample has a good quality 
[sch93]. Because the present measurements are integrated over a large number of 
crystallites and grain boundaries, the mentioned ratio tells more about the quality of 
the sample as a whole than about the quality of the diamond crystallites [sch93]. The 
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grain boundaries contain a lot of sp2 carbon, which increases the background and 
therefore results in a diamond to non-diamond ratio that suggests a worse diamond 
quality than the actual one.  
The spectrum of the 40 sccm sample in figure 7.6c shows that this sample has a much 
lower quality than the 0 sccm sample (note the different vertical scales of figures 7.6b 
and c). Because this spectrum contains all features that are observable in the series of 
spectra, it is a good starting point for analysis. With respect to its features it closely 
resembles a spectrum in a publication of Bachmann and Wiechert [bac92], supporting 
these authors’ statement that spectra of flame deposited material can usually be syn-
thesized from a number of features mentioned by them. The feature that is most easily 
recognized in all of our spectra is the diamond Raman peak, which indicates the pres-
ence of diamond in all films. Underneath the diamond peak there is a band which can 
be assigned to the D-band of graphitic carbon [kni89, bac92], where the term graph-
itic denotes sp2 hybridized carbon [kni89]. As follows from the overlay of the spectra 
in figure 7.6d this band becomes stronger with the added nitrogen flow. On the low 
wavenumber side of the diamond peak a very weak broad band centred at about 1150 
cm-1 can be observed, which can be attributed to nanocrystalline diamond [yar88, 
bac92]. The band is strongest for the 80 and 100 sccm samples, which may be caused 
by the very strong secondary nucleation on the crystallites of these samples. On the 
high wavenumber side a stronger broad band is visible for all samples, which can re-
sult from the graphitic G-peak [kni89, bac92], a tetrahedrally bonded diamond precur-
sor [yar88] and/or diamond-like carbon [wad80, ram87a, kni89], which contains both 
sp2 and sp3 hybridized carbon and hydrogen [gri99]. In figure 7.6d it can be seen that 
the broad band starts at the same position for all nitrogen flows. At 5 sccm it is broad-
est and has its highest relative strength. With increasing nitrogen flow the relative 
strength of the band decreases and it becomes stepwise narrower at nitrogen flows of 
10 sccm, 25 sccm and 60 sccm. Because the peak of nanocrystalline diamond and that 
of the tetrahedrally bonded diamond precursor usually appear simultaneously in spec-
tra [bac92], the appearance of the former supports the expected presence of the latter. 
Likewise, the observation of the graphitic D-band makes it probable that the G-band 
is also in the spectrum. In this respect it should be noted that the intensity on the right-
hand side of the high-wavenumber broad band, where the G-band is expected, de-
creases with an increasing nitrogen flow. In other words: with increasing nitrogen ad-
dition the relative intensity of the D-band increases, whereas the signal at the position 
at which the G-band is expected, weakens. In diamond-like carbon films the D-band 
appears in spectra of films that are dominated by sp2 bonding and denotes the pres-
ence of ordered clusters of sp2 sites [ram87b, ada99]. Combining this with the ob-
served relation between the relative intensity of the D-band and the nitrogen addition, 
it follows that this relation indicates that nitrogen addition stimulates the formation of 
sp2 carbon. From the ratio of the diamond peak and the presumed graphitic G-band it 
can be said that graphitic sp2 carbon is present in relatively small amounts, knowing 
that the Raman cross-section of graphite is more than 50 times that of diamond 
[kni89]. 
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Figure 7.6: (a) 3D plot showing the Raman spectra obtained from the central area of the 
diamond layers grown with the indicated nitrogen flows; the integrated area of the spectra is 
normalized to unity; due to its large relative strength the diamond peak of the 0 sccm sample 
is off scale; (b) and (c) normalized Raman spectra of the central area of the samples grown 
with 0 sccm and 40 sccm, respectively; note the different vertical scales used for these 
graphs; (d) overlay of the Raman spectra of the samples grown with the indicated nitrogen 
flows; (d) has the same vertical scale as (c). 
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In all Raman spectra an upward slope is visible, which is approximately equally steep 
for all samples, except for the 0 sccm one, for which it is flatter. This slope is ascribed 
to background luminescence [bac92], which may come from sp2 carbon [ber93,ber94] 
and impurities such as nitrogen [gro90, col92]. For the present samples sp2 carbon 
most probably dominates the background luminescence, since the luminescence does 
not show any correlation with the added nitrogen flow, as may be expected in the case 
of nitrogen-related luminescence. 
 
When the Raman spectra of the 0 and 5 sccm samples are compared, some things can 
be noticed. At 5 sccm the relative intensity of the diamond peak is much lower, 
whereas that of the broad band on the high wavenumber side is much higher, and the 
slope of the background signal is steeper. These observations point at an increase of 
the sp2 carbon fraction and possibly of the diamond-like carbon fraction, upon the ad-
dition of nitrogen. This strongly indicates that nitrogen stimulates the growth of non-
diamond carbon. More information about the different components of the Raman 
spectra can be obtained by combining the present Raman measurements with micro-
Raman spectroscopy. Other spectroscopic techniques such as energy-resolved CL 




The central area morphology observed at nitrogen additions of 10 sccm and higher 
can be understood from the deterioration-gradient (DG) model [the01, sch02], the 
principles of which will be briefly outlined here. In the nucleation phase, nuclei are 
formed that are bounded by {111} and {001} facets and have a random orientation. 
With a large Sac or in the presence of nitrogen, the {111} facets deteriorate due to 
twin formation.  
The remaining and newly formed {001} facets have a high density of dislocations 
pointing radially outward from the centre of the nucleus, which induces a high step 
growth velocity on these facets [enc95, sch96]. As a result, the nuclei develop into 
hemi-spherical structures that are bounded by {001} facets with their normals perpen-
dicular to the surface of the structure. A number of such structures can be seen in the 
SEM image in figure 7.7. Now, the vertical gradient of growth species, which exists 
in the flame, causes the {001} facets that are oriented parallel to the substrate surface, 
the top facets, to grow faster than the ones with a different orientation, which are ly-
ing closer to the substrate. The difference in growth rate increases the height differ-
ence between the top facets and the other ones. The latter will be in contact with a less 
activated gas phase than the top facets, resulting in an inhibition of next layer growth 
by complete deterioration or disturbed growth due to insufficient growth species. It 
should be kept in mind that during diamond deposition both processes in the DG 
growth model, nucleation and further growth, take place simultaneously: {001} facets 
parallel to the substrate surface grow, immediately after their nucleation, faster than 
{001} facets directed otherwise. Main indications that the DG growth mechanism is 
active in a diamond CVD process are the presence of crystallites with differently  
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Figure 7.7: SEM image showing some diamond hemi-spheres covered with {001} facets 
(indicated by the arrows). 
 
 
sized {001} top facets and/or the presence of deteriorated {111} facets between the 
crystallites. 
 
As described in section 7.3, the crystallites of layers grown with nitrogen flows of 10 
sccm or higher have a <001> direction nearly perpendicular to the substrate, but have 
no {001} top facets. Figures 7.3e-h most clearly show that the {111} side facets are 
usually still smooth at newly formed areas i.e. close to the top of the crystallites and at 
their mutual {111} edges. However, at positions further from the top, which are 
longer exposed to the gas phase, the facets become more and more deteriorated by 
multiple twinning or other forms of secondary nucleation. For the persistence of the 
columnar crystallite structure it is essential to grow sufficiently fast and generate new 
{111} areas before they can degenerate by twin formation. Therefore, growth of a 
<001> oriented column depends critically on the density and activity of step nuclea-
tion centres like dislocations close to its top. By chance it is possible that twin forma-
tion takes place so close to the top of a crystallite that it obstructs the growth in the 
direction perpendicular to the substrate surface. As a result the crystallite falls back in 
the shadow of the remaining fast growing columns and encounters a more and more 
depleted gas phase. This leads to an increasingly rapid further deterioration of the co-
lumnar structure into the amorphous or nanocrystalline ball-like features that can be 
observed in the lower parts of the deposits shown in figure 7.3. 
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High nitrogen concentrations obviously lead to gas phase conditions which allow fast 
growth for the crystallites that are able to generate new growth layers with sufficient 
speed. On the other hand, increasing nitrogen concentrations enlarge the chance on a 
growth rate obstruction by twin formation at the top of the crystallite, which results in 
a rapid fall-back and deformation of the columnar structure into a ball-like one. The 
described mechanism in the first place explains why most deposits shown in figure 
7.3 have a top layer with crystalline features and a bottom layer which is highly dete-
riorated. In the second place it agrees well with the observation that with an increased 
nitrogen concentration the crystallite structures enlarge in size but decrease in density 
(figures 7.3e-h), until finally virtually no crystallite grows fast enough to survive (fig-
ure 7.3i). 
 
The central area of the 0 sccm sample shows randomly oriented crystallites with both 
{111} and {001} facets. Obviously, there is neither a clear preference for bounding 
faces nor for orientation, which means that the randomly formed nuclei can grow to 
become crystallites which keep their morphology and orientation. The growth under 
these conditions is free from the biasing influence of secondary nucleation by nitrogen 
addition. Nitrogen was added during the deposition of the 5 sccm sample, which 
shows {111} top facets and <111> texturing. The simultaneous occurrence of {111} 
topped crystallites and twins on top of the facets is noticeable. The alignment of 
{111} facets more or less parallel to the substrate can be observed for values of the α-
parameter below 1.5 [wil93], the α-parameter being defined as √3 times the <001> 
growth rate divided by the <111> growth rate [wil93]. According to work of Tamor 
and Everson [tam94] on the role of twin formation in CVD diamond films, twin for-
mation on {111} facets occurs for values of the α-parameter [wil93] larger than 1.5. 
Therefore, the presence of both {111} top faces and twins on them seems to be in 
conflict. Some light in this matter may come from the observation of the central mor-
phology of a second sample, which was grown with a nitrogen addition of 5 sccm un-
der nearly the same experimental conditions, the value of d being 2.2 mm instead of 
2.0 mm. Part of this sample’s central area is shown in figure 7.8. The central areas of 
the two 5 sccm samples are quite similar, although the one in figure 7.8 shows some-
what more twin formation. Close examination of the morphology of this sample 
shows small <001> textured crystallites without {001} top facets (encircled), as are 
observed in the central area of the 10 sccm sample. For this type of crystallites the α-
parameter is 3 or more. The occurrence of both types of crystallites close to each other 
in one sample means, that small local variations in growth conditions already can re-
sult in a large change of the α-parameter and, consequently, in a huge change of the 
crystallites’ morphology. It is known that during a growth run of one hour the value of 
Sac decreases by some promilles, and the decrease during the growth of the second 5 
sccm sample is likely to be somewhat larger, because a nearly empty acetylene bottle 
was used (bottle pressure 5 bar). This decrease of Sac leads to an increase of the nitro-
gen fraction of the feed gasses, which should result in an increase of the α-parameter. 
Supposing that the α-parameter at the beginning of the growth is just below 1.5, 
which leads to {111} facets with a relatively small inclination to the substrate, it may  




















Figure 7.8: SEM image of the central area morphology of the 5 sccm sample grown with 
d=2.2 mm; the circles enclose some <001> oriented crystallites without {001} top facets. 
 
 
during the experiment easily become larger than 1.5 to enable some twin formation on 
the existing {111} facets.  
 
The fact that no <001> oriented crystallites with {001} top facets appear in figure 7.8 
demonstrates the very rapid change of the α-parameter from below 1.5 to 3 or more. It 
indicates how narrow the process window is in which all major morphological 
changes resulting from nitrogen addition under the present experimental conditions 
take place. The chance of having conditions which result in a central morphology with 
an α-parameter of about 2.5, which would consist of {001} topped <001> oriented 
crystallites, is very small and perhaps even zero. More detailed research of the pa-
rameter space around a nitrogen addition of 5 sccm will show, whether the possibility 
exists of growing a {001} topped <001> textured morphology under the present ex-
perimental conditions, and can unveil the formation mechanism of the central mor-
phology observed for the 5 sccm samples. Useful experiments in this respect may be 
the addition of a range of nitrogen flows closely around 5 sccm to “scan” the narrow 
range of nitrogen flows in which the large change of the α-parameter takes place, the 
variation of Sac at a fixed nitrogen addition, and the application of different deposition 
times to monitor the development of the morphology in time.  
 
The radial variation of the morphology of the 0 sccm sample must result from differ-
ences in the composition and activation level of the local gas phase. One thing that 
changes radially in the gas phase is the concentration of nitrogen-containing radicals. 
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Numerical simulations [okk01] show that nitrogen from the ambient does not come 
closer than 1.3 mm away from the flame axis, even if d is as large as 2.6 mm. In cor-
respondence with this the CN LIF profile measured during the growth run without 
nitrogen addition shows no or hardly any CN LIF signal in a central area with a radius 
of at least 1.5 mm (figure1). From this (almost) zero signal it can be concluded that 
there is no CN present in the central area, or that all LIF signal coming from CN is 
quenched. The validity of the first option is confirmed by the CRDS measurements 
mentioned above [sto02a], which show that there is virtually no CN in the central 
area. In section 7.3 it has already been argued from the similarity between the results 
of LIF and CRDS measurements, that the LIF profiles in figure 7.1 give a good repre-
sentation of the CN density. Because of the linear relation between the CN LIF signal 
in the central area and the added nitrogen flow reported in earlier work [sto00a], CN 
can be used as an indicator for the conversion of nitrogen to nitrogen-containing spe-
cies, with the remark that not all nitrogen chemistry involves CN. Looking at the 0 
sccm profile it can be seen that starting at a certain radial distance, the CN signal 
starts to rise and increases with increasing radial distance until a maximum value, 
meaning that with increasing radial distance more nitrogen is converted. This radial 
increase of nitrogen conversion can be considered as a range of increasing nitrogen 
additions starting from zero in the central area. From this, the central area morpholo-
gies that are observed for increasing nitrogen additions are expected to be found on 
the 0 sccm sample when going radially outward. As can be seen in figure 7.4, this ex-
pectation is met. Vice versa, the {001} topped crystals first encountered at a radial 
distance of 3.2 mm (figure 7.4c), at which the CN LIF signal still increases, should be 
observed in the central area at an appropriate nitrogen addition. From figure 7.3, how-
ever, it follows that, except for a very occasional one, crystallites topped with {001} 
facets are not found in the central area for any nitrogen addition. The fact that such 
crystallites are observed in the annulus of the 0 sccm sample (figure 7.4c-e), means 
that besides the radial variation of the concentration of nitrogen-containing species, 
there must be another factor that is important in determining the crystallite morpholo-
gies that are encountered at different radii. This factor may be a radial variation of gas 
composition other than that related to nitrogen. Such a variation is caused by differ-
ences in radial density distributions of several species, some of which follow from 
LIF measurements by Klein-Douwel and Ter Meulen [kle98], which were performed 
during diamond growth with Sac=5% and various d values. At d values comparable to 
ours and a radial distance of about 3.2 mm, where the first {001} faces in our 0 sccm 
sample are observed, the LIF signal of atomic hydrogen at 0.10 mm above the sub-
strate is similar to that in the centre, suggesting equal concentrations, whereas the C2 
signal at the same height has decreased considerably.  
Oxygen from the ambient air is likely to be important in determining the radial varia-
tion of species profiles. Its presence at the radial position of the {001} topped crystal-
lites is expected from the fact that nitrogen from the surrounding air is found there. It 
lowers the local carbon supersaturation and interacts with the flame, thus influencing 
its composition and contributing to the conditions that lead to the observed {001} 
topped crystallites (figures 7.4c-e). The influence of the local flame composition on 
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the radial morphology of flame-grown diamond samples and the importance of oxy-
gen from the surrounding air in determining the local flame composition have been 
discussed by García and Vázquez [gar98], who studied the morphology of flame-
grown samples as a function of (overall) flame composition, substrate temperature 
and radial position. The different sizes of the {001} facets are indicative of growth via 
the DG model. The fact that these facets are observed means, that at the local condi-
tions the growth in the <001> direction is slowed down with respect to that in the 
<111> direction. Since nitrogen enhances the <001> growth rate, there must be one or 
more factors that more than compensate for its influence. A lower local carbon super-
saturation may very well be such a factor. If indiffused or entrained oxygen from the 
surrounding air is in part responsible for the formation of the {001} topped crystal-
lites, it may be possible to grow such a morphology in the central area at the present 
value of d, by adding nitrogen and lowering Sac. 
 
The morphology that is found outside the <001> textured ring of the 0 sccm sample 
(figure 7.4f) is, apart from its smaller crystallites’ dimensions, very similar to that of 
the central area of the 5 sccm sample. Since the morphology is found at a radial posi-
tion of 4.1 mm outside the centre, the local carbon supersaturation is expected to be 
lower. This means that it this morphology can also be expected to occur in the central 
area when Sac-values lower than 4% are applied, which may be an interesting finding 
for its further exploration. 
A study of the central morphology similar to the one described in this paper in nearly 
the same set-up has been conducted by Schermer and De Theije [sch99]. Using a d 
value of 1.2 mm, they observed for a certain range of nitrogen flows <001> texturing 
and {001} morphology, the number of {001} topped crystallites decreasing and the 
deterioration of their side facets increasing with an increasing nitrogen flow. At a cer-
tain addition, top facets have (almost) fully disappeared and only largely deteriorated 
columnar structures are left. This evolution of the morphology shows similarity with 
our observations. The conditions applied by Schermer and de Theije are such that 
{001} top facets do not grow out of the crystals, as in our experiments. In contrast to 
the present results no <111> texturing and {111} topped crystallites are found in the 
central area of their diamond deposits. This deviation must be due to the difference in 
d values, demonstrating the large influence of d on the properties of the deposited 
diamond layers. The influence of d may be related to its effect on concentrations of 
flame species close to the substrate. The concentration of some species, mainly the 
radicals formed at the primary flame front, will decrease as the distance from the 
flame front increases, as shown for the CH radical by numerical simulations of oxya-
cetylene diamond CVD performed by Okkerse et al. [okk00]. Concentrations of other 
species, in particular more stable ones such as CO, will increase. Because the concen-
trations of different flame species have a different dependence on d, the gas phase 
composition close to the substrate and, consequently, the properties of the deposited 
diamond layers change with d. More investigations of both experimental and theoreti-
cal nature are required to get a clearer and more quantitative insight into this matter.  
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From a comparison of the Raman spectra in figure 7.6d and the SEM images of the 
central area of the samples, there appears to be a relation between the two. As men-
tioned in the description of the results, the width of the broad band on the high 
wavenumber side of the spectrum decreases stepwise at nitrogen flows of 10 sccm, 25 
sccm and 60 sccm. This stepwise narrowing coincides with the morphological and 
structural transitions between 5 and 10 sccm, and between 15 and 25 sccm. Obvi-
ously, the transition from the {111} topped to non-topped <001> textured crystallites 
and the breaking up of the layer go together with changes in the layer composition, 
which lead to a weaker G-band and a stronger D-band. The narrowing of the broad 
band at 60 sccm, which is the smallest one, is not accompanied by a clear morpho-
logical change in the layer. The origin of the correlation between the layer morphol-
ogy and the changes in the Raman signal does not become clear from the present 
measurements. In this respect, micro-Raman spectroscopy can provide valuable addi-
tional information. 
 
Since the central CN LIF signal increases (linearly) with the added nitrogen flow 
[sto00a], changes of the diamond properties observed upon nitrogen addition may 
very well be directly related to the presence of the CN radical. However, as argued in 
previous work [kle98, sto00] correlations between the CN LIF signal, the deposition 
chemistry and the properties of the deposited diamond layer do not necessarily mean, 
that CN itself is responsible for the observed changes upon nitrogen addition. Because 
of the relatively large height of 100 µm above the substrate at which the LIF signal is 
measured, it is possible that on its way to the substrate CN is transformed into a 
closely related species by reactive collisions with other flame species. Nevertheless, 
the CN LIF signal can be used to monitor the deposition process and in this way to 
control the properties of the deposited layers. Hereto, the relation between the CN 
signal and the properties of the layer must be established for the used reactor and the 
CN intensity should be calibrated. 
 
An indication that CN itself is active at the surface comes from the observation that 
the twin formation increases with the nitrogen flow. In the introduction, a model of 
Butler [but98] was mentioned which explains the increased twin formation observed 
upon nitrogen addition via a mechanism involving surface-bound CN. Since it follows 
from the discussion of the morphology in terms of the DG model that twinning is one 
of the central processes that determine the crystallite morphology [tam94] and the 
growth rate, the model of Butler links the gas phase CN to the properties of the dia-
mond layers. This link strongly supports the idea that CN is very important in deter-
mining the effects of nitrogen addition on CVD diamond growth. Conclusive evi-
dence in this respect should be obtained from further investigations. Species distribu-
tions may be measured even closer to the substrate and measurements on species 
other than CN could be conducted. An important candidate for such measurements is 
the HCN molecule, which is mentioned in literature in relation with nitrogen addition 
to diamond CVD processes [ata99, lee99], and is expected to be present in larger con-
centrations in the flame than CN [ata99, okk01]. Furthermore, NCO is interesting, be-
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cause is contains one atom from each of the three gasses that form the combustion 
mixture. From [okk01, okk00b] it follows that it may be useful to pay attention to the 
N, NH, NH2, and NH3 radicals as well. Despite all the information that can be ob-
tained from gas phase measurements, the ultimate source of information would be 
measurements of species and processes at the surface, e.g. by “freezing“ the deposi-
tion process at a certain moment and measure the surface composition and structure, 
or by using in situ surface-sensitive techniques. Besides experimental work, model-
ling studies can yield a significant contribution to a better insight into the surface 




Nitrogen addition during flame deposition of diamond was studied using LIF for in 
situ measurements of CN distributions in the flame and a number of ex situ techniques 
for the detailed characterization of the grown layers. From the LIF measurements it 
was found that added nitrogen has the largest influence in the area around the flame 
axis, whereas nitrogen from the ambient air is the dominant nitrogen source in an area 
of the flame that lies more outward. In between these two areas, both nitrogen sources 
are of importance. The collisional quenching and LIF detection efficiency in a central 
area with a radius of at least 1.5 mm were found to be constant. The DG model for 
diamond growth has proven to be very useful for understanding most of the mor-
phologies encountered in the diamond deposits. A very fast change of the α-parameter 
from below 1.5 to a value of 3 or more was observed to be caused by local fluctua-
tions in the growth conditions. This indicates that for the substrate-to-flame-front dis-
tance and acetylene supersaturation applied in the present work the growth of {001} 
topped <001> textured layers may be impossible. The radially changing morphology 
observed in the sample grown without nitrogen addition is caused by variations in the 
local gas composition, which result from the interaction of the flame with nitrogen 
and oxygen from the ambient air, and from differences in radial concentration profiles 
of the flame species. Oxygen is likely to be an important factor in causing the latter 
differences. The central area growth rate found for the used experimental conditions 
increases upon the addition of nitrogen. Between 5 and 25 sccm of nitrogen this in-
crease in growth rate does not seem to depend much on the added amount of nitrogen. 
The diamond quality decreases upon nitrogen addition, which is probably caused by a 
stimulating effect of nitrogen on the growth of non-diamond carbon material. A corre-
lation, the origin of which is not clear, was observed between morphological changes 
in the layers and changes in the Raman signal of non-diamond carbon compounds. 
From the discussion of the measurements it follows, that CN is likely to be responsi-
ble for the effects of nitrogen addition on CVD diamond growth. 
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Chapter 8: Cavity ring down spectroscopy measure-
ments of absolute CN concentrations during flame 




Cavity ring down spectroscopy (CRDS) was used for measuring absolute concentra-
tion profiles of the CN (cyano) radical during oxyacetylene flame deposition of dia-
mond. Profiles were measured for three different nitrogen additions to the flame. 
Novel ways for the determination of the lateral position of the laser beam and its 
height above the deposition substrate are presented. Measured column density profiles 
show that the influence of added nitrogen is limited to a central area within a radius of 
2.7 mm. Outside this area the profiles are hardly influenced by the added nitrogen 
flow. Comparison with work of Firchow and Menningen [fir99] shows a good corre-
spondence. Absolute concentration profiles were obtained by applying Abel inversion 
processing and using a temperature distribution resulting from numerical simulations. 
The resulting profiles show an off axis maximum for all three nitrogen additions. 
With an increasing nitrogen addition the maximum and central concentrations also 
increased. Upon inspection of the profiles it follows, that the gas phase above the 
deposition area can be divided into three sections: a central one in which the added 
nitrogen is the dominant nitrogen source, an outer one where the nitrogen from the 
ambient plays a dominant role, and an intermediate zone where both nitrogen sources 
have a significant influence. The latter is the area in which the maximum of the CN 
concentration is situated. Previous laser-induced fluorescence (LIF) profiles of CN, 
measured under very similar experimental conditions, show similar distributions. Dif-




In 1988 Hirose and Kondo [hir88] first reported the possibility of depositing CVD 
diamond layers by means of an oxyacetylene flame. In the passed period of more than 
a decade this technique has been further developed and refined, and has become an 
established method for diamond CVD on various substrates, its most distinctive char-
acteristic being a high deposition rate. For diamond CVD techniques it is known, that 
the presence of small amounts of nitrogen in the depositing plasma or flame greatly 
influences the deposition process and the properties of the diamond layer. The two 
best-known effects of nitrogen addition are the increase of the diamond growth rate 
[mul96, sch99] and the preference for a <001> texture [jin94, loc94, asm99]. The in-
fluence of nitrogen can be used to control the properties of deposited diamond layers 
and, in this way, to tailor diamond layers for specific applications. In order to do so, 
good control and monitoring of the process conditions are required, as well as insight 
into the basic mechanisms of the nitrogen influence. A direct way of obtaining insight 
in the diamond deposition process is measuring density profiles of specific species in 
the CVD medium close to the deposition substrate. Correlations with the properties of 
the deposited layer can then reveal the importance of a certain species in the deposi-
tion process. This approach has been applied by several authors in various types of 
CVD reactors using different detection techniques, such as optical emission spectros-
copy (OES) [van97, luq98, smi00], conventional absorption spectroscopy [wel97, 
fir99] and laser-induced fluorescence (LIF) detection [kle95, kle97, luq97]. Another 
technique, which has not been applied so widely for diamond CVD diagnostics, is 
cavity ring down spectroscopy (CRDS). CRDS is a sensitive absorption technique, 
which was first reported in literature by O’Keefe and Deacon [kee88], and is based on 
the behaviour of a laser pulse in a non-confocal optical cavity formed by two highly 
reflecting plano-concave mirrors. As can be seen in a recent review by Berden et al. 
[ber00] it has been developed to a standard diagnostic technique, usable for applica-
tions ranging from measurements of the oxygen A band in high magnetic fields 
[eng98] to combustion diagnostics [der99, eve99, mer01, pee01, sta02]. In diamond 
CVD the CRDS technique has rarely been applied. Zare and co-workers have used it 
for the determination of column densities of CH, CD [lom01] and CH3 [zal95] radi-
cals in a hot filament CVD reactor. Previously we reported CRDS measurements of 
CH in a diamond depositing oxyacetylene flame [sto99]. In many systems, species are 
not distributed homogeneously along the path of the laser beam meaning that, due to 
the line-of-sight nature of CRDS, spatially resolved species distributions cannot be 
obtained from a single measurement. However, inhomogeneous species profiles can 
be obtained from measurements at different intersections and mathematical recon-
struction techniques. For the relatively simple case of a cylindrically symmetric sys-
tem, such as a laminar oxyacetylene flame, Abel inversion is applicable [zal95]. 
 
In the present paper the application of CRDS is described for measuring profiles of 
the CN (cyano) radical, which is one of the nitrogen-containing radicals that are 
thought to be important in the nitrogen chemistry and the effect of nitrogen on dia-
mond CVD. There already exists a considerable amount of literature about CN in 
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connection to diamond CVD. Vandevelde and co-workers [van97] and Smith and co-
workers [smi00] used OES to measure CN distributions in a microwave plasma and a 
DC-arc jet, respectively. Welter and Menningen [wel97] and Firchow and Menningen 
[fir99] have measured the CN radical by means of conventional absorption spectros-
copy during oxyacetylene flame deposition of diamond, and Klein-Douwel et al. 
[kle98] and Stolk et al. [sto00a, sto00b] did so using two-dimensional LIF. In [sto00a] 
and from two-dimensional numerical simulations of oxyacetylene flame CVD of dia-
mond by Okkerse et al. [okk00b, okk02], evidence is obtained that CN may be (one of 
the species) responsible for the influence of nitrogen on diamond CVD. Butler and co-
workers [but98] presented a mechanism involving CN, for explaining the increased 
twinning of diamond observed when nitrogen is present in the CVD system. 
 
In this paper, CRDS measurements of CN during oxyacetylene flame CVD of dia-
mond are presented for three different nitrogen additions to the flame. First, the ex-
perimental details are described. Thereafter, a theoretical section provides theory for 
converting our measured results into absolute concentrations. A slightly non-standard 
way of performing Abel inversion processing, and novel ways for determining the 
height of the laser beam above the substrate and the lateral position of the laser beam 
are presented. The method to determine the height of the laser beam is based on the-
ory by Zhao et al. [zha00], which has been developed for determining the sensitivity 
loss of CRDS, when a surface inside the cavity is close to the laser beam. Consecu-





The combination of the diamond-depositing flame and the CRDS detection system is 
shown schematically in figure 8.1. A detailed discussion of the diamond deposition 
part of the set-up is given in [sch93] and a description of the extension to enable con-
trolled nitrogen addition can be found in [sch99]. In this section only major aspects of 
the deposition set-up and differences with respect to the previous reports will be de-
scribed. A conventional oxyacetylene welding torch, which has a tip with a nozzle of 
1.3 mm in diameter, is used for the combustion of a mixture of acetylene, oxygen and 
nitrogen. The gases (Indugas) are all of high purity: 99.6%, 99.995% and 99.999% for 
acetylene, oxygen and nitrogen, respectively. The composition of the gas is expressed 
in terms of the acetylene supersaturation Sac, which, under the condition of a constant 










=  ,    (8.1) 
 
where fac,d and fac,n are the acetylene flows of the flame used for deposition and the 






Figure 8.1: Experimental set-up used for the CRDS measurements during diamond depo-
sition with an oxyacetylene torch with controlled nitrogen addition; PH = pinhole; L = lens; 
M = mirror; BS = beam splitter; MFC = mass flow controller; CCD = charge coupled device 
camera; PMT = photomultiplier tube; d denotes the flame front-to-substrate distance; the two 
double-headed arrows show the directions in which the burner-substrate combination as a 
whole can be moved. 
 
 
Nitrogen is introduced into the flame via an extra gas line, which is coupled to the 
oxygen line. For all experiments the oxygen flow is constant at 2.4 standard litres per 
minute (slm), the nitrogen flow is varied between 0 and 50 standard cubic centimetres 
per minute (sccm), which is between 0 and 10 parts per thousand (ppt), and the acety-
lene flow is regulated in such a way that Sac is 4%. The resulting total flow is about 
4.9 slm. All flows are regulated by means of mass flow controllers (MFC). Before an 
experimental run the flame is allowed to burn for half an hour to remove nitrogen 
from the acetylene bottle [sch99], after which the acetylene flow is set to give a Sac of 
4%. 
 
Diamond deposition takes place onto a square molybdenum substrate, which has the 
approximate dimensions 12×12×0.5 mm3 and is soldered on top of a larger substrate 
holder. As a pre-treatment the substrate is scratched with sandpaper and, consecu-
tively, with a slurry of small diamond particles (~1 µm) in glycerol. Shortly before 
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it is first etched for 1 minute in the oxidising outer flame. The temperature of the sub-
strate is kept at 1025 °C ± 15 °C, as checked with a two-colour pyrometer. 
The distance d between the tip of the primary flame front and the substrate is deter-
mined by means of a cathetometer and is set to be 2.0 mm ± 0.1 mm. One complete 
experimental run takes about 3 hours.  
 
CN concentrations are measured by using the (v’=1, v”=0) vibrational band of the 
violet B2Σ+ ← X2Σ+ electronic transition at about 358 nm. Suitable laser radiation is 
generated by frequency doubling the output of a Nd:YAG-pumped dye laser (Spectra 
Physics Quanta Ray DCR-11 and Spectra Physics Quanta Ray PDL-2, respectively), 
using Pyridine I as a laser dye and a KDP crystal for frequency doubling. The repeti-
tion rate of the laser is 10 Hz, the pulse duration 7 ns and the laser bandwidth 0.76 cm-
1. After removal of the fundamental red laser light, a small part of the laser beam is 
selected with a pinhole (1 mm in diameter) and passes a positive lens (f=290 mm), 
after which it is coupled into a non-confocal cavity. This cavity has a length of 40 cm 
and consists of two highly reflective plano-concave mirrors with a mirror reflectivity 
in air of 99.8%. The flame is positioned in the centre of the cavity. Behind the cavity, 
a beam splitter reflects a small fraction of the outcoupled laser light to a CCD camera 
and transmits the major part to a photomultiplier tube (PMT). The CCD camera is 
used for checking the alignment of the cavity, also during the experiments, and for 
setting the desired vertical distance between the laser beam and the substrate. The 
PMT is connected to a digital oscilloscope (8 bits, 250 Ms/s, Lecroy 9361) which is 
read out by a PC equipped with software for performing CRDS measurements 
[jon95]. 
 
For enabling accurate spatially resolved measurements, the combination of burner and 
substrate can be moved in lateral and vertical direction with respect to the laser beam 
by means of micrometer screws. For determining the waist of the laser beam and its 
height above the substrate a new method is used, which is described in the next sec-
tion. Using this procedure, the waist and height of the laser beam for the CRDS meas-
urements presented in this paper are found to be 155 µm ± 8 µm and 730 µm ± 15 
µm, respectively, the errors being the standard deviation of three measurements per-
formed. The spatial resolution equals twice the waist of the laser beam and is there-
fore 310 µm. Test measurements indicated that it is not possible to measure closer 
than about 0.5 mm above the substrate (distance from the beam axis; the lower part of 
the beam, which lies one beam waist below the axis in vertical direction, is then at a 
height of about 0.35 mm). Closer to the substrate the beam is severely disturbed, very 
likely by the large temperature gradient in the region just above the substrate. Meas-
urements of the position of the outcoupled laser spot as a function of the height of the 
laser beam above the substrate showed, that for smaller heights of the laser beam 
above the substrate the upward deflection of the laser spot was larger than for larger 






8.3.1 Cavity ring down spectroscopy and absolute concentration determi-
nation 
The signal that is coupled out of the cavity decays exponentially and is characterized 
by the 1/e cavity ring down time τ, which is given by: 
 










 λ+⋅λσ+λ=λτ ∑ ∫ ∑  ,  (8.2) 
 
where λ is the wavelength, L the cavity length, c light speed, σi the absorption cross-
section of species i, Ni the absolute concentration of species i and Sj a loss factor due 
to processes other than absorption. If measurements are performed in a narrow wave-
length range, the second summation in Eq. (8.2) can be assumed to be constant. The 
ring down time τ is determined by dedicated software [jon95], which fits a line to a 
logarithmic plot of the ring down transient. The inverse slope of this line yields τ. In 
case of a single absorption line for the species under consideration starting from a ro-











=  ,    (8.3) 
 
where τon and τoff are the ring down times on and off resonance with the absorption 
maximum, respectively, and NLv,J(y) is: 
 
( ) ∫= L
0
J,vJ,v
L dl)l,y(NyN  ,    (8.4) 
 
where Nv,J(y,l) is the absolute concentration profile of the species under examination 
in the energy state v, J>, as a function of the lateral position y and the longitudinal 
position l in the cavity. The integration is along the path of the laser beam. 
Given the fact that the measured absorption lines have a Lorentzian shape, the absorp-








=σ  ,     (8.5) 
 
with BN being the Einstein absorption coefficient of the studied transition, h Planck’s 
constant, ν the frequency of the transition and ∆νL the absorption linewidth.  
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With the present laser bandwidth of 0.76 cm-1, the ring down transient is expected to 
be multi-exponential, because in the frequency domain only a part of the laser line 
overlaps with the absorption line [jon95]. Since overlapping frequencies lead to tran-
sients with a shorter decay time than frequencies that do not overlap, the early part of 
the overall transient that is recorded will have a faster decay than the later part. This 
effect, which is also observed for conventional absorption spectroscopy, leads to an 
underestimation of the absorption and of a species concentration determined there-
from. For our experiments it was found that the logarithmic plot of the ring down 
transient is linear over a time interval of at least 3 times τ, starting at the beginning of 
the transient. This indicates that the present concentration measurements are not ex-
pected to be disturbed too much by the laser bandwidth. 
 
Because of the cylindrical symmetry of our system the absolute concentration Nv,J(r) 
in the energy state v, J> at radial position r, can be reconstructed from NLv,J(y) via 
Abel inversion. Hereto, the NLv,J(y) profile is fitted with one polynomial or, in parts, 
with more polynomials. From this/these polynomial(s), Nv,J(r) at any radial position r 
can be found by analytically solving [zal95]: 
 









ydFrN  ,  (8.6) 
 
 
where rc is a cut-off radius at and beyond which the concentration is (taken to be) 
zero, and F(y) is the fitted polynomial. 
In the analysis of the measurements in the present paper the NLv,J(y)-profiles are fitted 
with two polynomials, because no proper fit can be made with a single one. One 
polynomial is fitted to the inner data points, which are the points within a certain ra-
dius, and one to the outer ones. The inner points are fitted together with their mirror 
images with respect to the flame axis to ensure cylindrical symmetry of this fit. The 
first derivative of the entire fit should be continuous to avoid the introduction of un-
physical kinks in the constructed concentration profile. An illustration of the fitting 
procedure for the 0 sccm sample is given in figure 8.2. In the figure the data point la-
belled with P marks the transition from inner to outer points. Within and outside a ra-
dius P the data points are represented by the fit to the inner points and outer points, 
respectively. Consequently, for a radial position r < P the integral in Eq. (8.6) is split 
into two parts: between r and P the inner polynomial is used for integration, and be-
tween P and rc the outer one is integrated. If r lies between P and rc, the value of 
Nv,J(r) simply follows from integration of the outer polynomial from r to rc. By solv-
ing Eq. (8.6) for a number of positions r, a Nv,J(r)-profile is obtained. 
 
Under the assumption of thermal equilibrium, this profile for one v, J> level can be 
converted into a total concentration profile N0(r) of the electronic ground state from 














































Figure 8.2: Fitting of the lateral column density profile of the 0 sccm measurement by 
means of two polynomials: the first (solid line) is a 4th order one fitted to the inner data points 
and their mirror image in the flame axis (solid squares), the second (dotted line) is a polyno-
mial fitted to the outer points (open squares); the point indicated by the half-open square and 
labelled “P” marks the transition from inner to outer points; the label “rc” at the outermost 
data point denotes the cut-off radius. 
 
 









=  ,   (8.7) 
 
where E(v) and E(J) are the vibrational and rotational energies of the energy level 
from which the absorption takes place, k is Boltzmann’s constant, T(r) is the radial 
temperature profile, and Qvib and Qrot are the vibrational and rotational partition func-
tions. 
 
For the present measurements, T(r) is constructed from work of Okkerse et al. [okk98, 
okk00a], who performed numerical simulations of our type of reactor for oxyacety-
lene flame diamond CVD, and obtained two-dimensional species and temperature dis-
tributions in the flame. From the various sets of conditions for which simulations have 
been performed, one with d=1.6 mm and Sac=5% [okk01], which comes closest to our 
experiments, is used for the construction of T(r). The simulated temperature distribu-
tion for these conditions is shown in figure 8.3a. Close to the substrate a large vertical 
temperature gradient, which was considered at the end of the previous section, can be 
seen: over a distance of 0.3 mm directly above the substrate, the temperature de-
creases from 3250 K to the substrate temperature, which is 1500 K. At the measure-
ment height of 0.75 mm a temperature profile is taken, which is displayed in figure  
 





Figure 8.3: (a) Temperature distribution resulting from numerical simulations of oxya-
cetylene flame CVD of diamond performed by Okkerse et al. [okk01]; in these simulations Sac 
is 5%, d is 1.6 mm and the substrate temperature is 1500 K; (b) temperature profile at a 
height of 0.75 mm above the substrate surface, constructed from the temperature distribution 
of figure 8.3a. 
 
 
8.3b. As can be observed the profile is rather flat, which justifies assumptions made in 
earlier work [kle97, sto99, sto00, sto01] that the temperature profile in radial direction 
and close to the substrate is relatively constant. For our CN measurements N0(r)-
profiles are calculated by using the profile of figure 8.3b and spectroscopic constants 
of the CN ground state from Cerny et al. [cer78]. The influence of temperature on 
N0(r) is limited: if an average constant temperature of 3200 K is used in (7) instead of 




8.3.2 Determination of the vertical position of the laser beam 
The vertical position of the laser beam with respect to the substrate is determined by 
using a model of Zhao et al. [zha00], in which the presence of a surface in the cavity 
close to the laser beam is handled as an extra cavity loss factor. The resulting reduc-
tion of CRDS sensitivity can be expressed by a normalized ring down time, defined as 
τ divided by the empty cavity ring down time τ0. For three normalized ring down 
times, Zhao et al. [zha00] give plots of the relation between 1-R (mirror reflectivity) 
and the normalized distance of the laser beam from the substrate, which is defined as 






















the distance divided by the beam waist. In our experimental set-up τ and τ0 can be 
measured, as well as the relative vertical position of the beam, i.e. the vertical position 
with respect to a certain starting point, which simply follows from the settings of the 
micrometer screws before and after a vertical displacement. In this way the relation 
between the normalized τ and the relative vertical beam position can be obtained. This 
relation is determined for the cavity without flame, taking the point at which the laser 
beam is just fully clipped by the substrate as the point of reference. From this relation 
and the mentioned plots from the work of Zhao et al. [zha00], the waist of the laser 
beam and its height above the substrate can be determined. Under the assumption that 
the measured relation is also valid for the cavity with flame, the point of full clipping 
with the flame on is determined and the desired measurement height is set relative to 
this point. It is not possible to measure the relation between the normalized τ and the 
vertical displacement with the flame burning, because in that case τ fluctuates 
strongly close to the substrate (< 0.5 mm). It should be noted that the presented 
method to determine the waist and height is only applicable for distances that are 
close enough to the surface to enable measurement of the influence of the surface on 
τ. From the work of Zhao et al. [zha00] it follows that for a sensitivity loss of 10% 
and a mirror reflectivity of 99.8%, this distance is about 2.6 times the beam waist.  
 
In concluding this paragraph, some lines should be devoted to the discussion of the 
accuracy of our method of waist and height determination. As given in section 8.2 the 
errors in beam waist and height, which are the standard deviations of the values from 
three measurements, are small, which indicates a good reproducibility of our method 
and a high accuracy. This leaves only possible systematic errors. The first of these is 
the correctness of the assumption that the height determined with and without flame is 
the same. Evidence for this is provided by the series of test measurements mentioned 
in the last part of the section 8.2. This series shows that the difference in vertical de-
flection between regions with a large vertical temperature gradient close to the sub-
strate and those with a small one further away from the substrate, is small. Because of 
this, the difference between the vertical deflection with and without flame, which de-
termines the correctness of the assumption made, is expected to be negligibly small. 
Another systematic error may result from approximations in the model of Zhao et al. 
[zha00], which simplify its handling but at the same time reduce the accuracy of its 
description of the experimental situation. The main approximations are, that only the 
TEM00 cavity mode is considered, whereas even in cavity-locked cw-CRDS systems 
this is not the case [pal98], and that only the first pass of the laser beam is taken into 
account. In the paper of Zhao et al. [zha00] two test measurements are reported, 
which show a small deviation from their model. If, instead of the theory, their ex-
perimental test measurements for a mirror reflectivity of 99.9% are used to determine 
the height of the laser beam in our experimental system, the beam is found to be about 
0.2 mm closer to the substrate. Throughout this chapter, the theoretical results of Zhao 
et al. will be used for analysis of the measurements, because experimental results are 
likely to depend more on the exact configuration of the set-up used for the measure-
ments and are therefore not generally applicable.  
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8.3.3 Determination of the flame axis 
For determining the position of the flame axis, two important characteristics of the off 
resonant ring down time τoff are used. The first one is that τoff should be minimal or 
should at least have a local minimum at the flame axis. This is a result of the fact that 
the optical pathway through the flame and, therefore, the cavity losses due to the 
flame, are largest when the laser beam passes the flame axis. Using this characteristic 
the lateral position of the flame-substrate system is adjusted such that τoff is minimal. 
The second useful characteristic of τoff  is that the relation between τoff and the lateral 
position should not depend on the added amount of nitrogen. This characteristic fol-
lows from our experiments and is supported by numerical simulations of the system 
by Okkerse et al. [okk00b, okk02], which show that only a small percentage (< 1%) 
of the nitrogen in the flame is converted to nitrogen-containing species, meaning that 
nitrogen addition does not influence the gas phase chemistry significantly. Therefore, 
the addition of nitrogen to the flame in the concentration range applied by us has only 
a very limited effect on the concentration of non-nitrogen containing species and is 
also not expected to affect τoff to a significant extent. The lateral dependence of τoff for 
a nitrogen addition of 25 sccm is shown in figure 4. It can be seen that at about 2.5 
mm outside the flame centre, τoff increases strongly up to a certain point and then sud-
denly becomes constant. This kink point in the graph, the origin of which is not 
known, is observed for all measurements at the same lateral position. In figure 4 the 
ways to determine the position of the centre and the kink point are shown. For finding 
the centre, a parabola (dotted line in the figure) is fit to the measured points directly 
around the minimum suggested by the measurements, and the position of the parab-
ola’s minimum is taken as the centre of the flame. The position of the kink point is 
taken to be at the point of intersection of a parabola fitted to the τoff values on the 
right-hand side of the centre (solid line) and a horizontal line through the average τoff 
value of the points on the right-hand side of the position of the kink. 
 
For our experimental results the position of the kink appears to be better defined than 
that of the minimum of τoff, which makes the former more useful for correctly posi-
tioning the profiles from different measurement series with respect to each other. In 
figure 8.4 the distance between the minimum and the kink point equals 2.7 mm, 
which, because of the two mentioned characteristics of τoff, means that also for other 
measurements the flame centre is found by subtracting 2.7 mm from the position of 
the kink point. The accuracy of this method for the determination of the flame centre 
is about 0.1 mm. In future CRDS measurements the accuracy may be improved by 
taking a smaller distance between the measured data points, thus enabling a more ac-
curate determination of the zero and kink point. 
 
 
8.4 Results and discussion 
Figure 8.5 shows a measured CN spectrum, together with a spectrum simulated by 
using LIFBASE [lif99]. Good correspondence between the two spectra can be ob-
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Figure 8.4: The off-resonant ring down time τoff as a function of the lateral position for 
the 25 sccm measurement; the dotted line is a parabolic fit to the points around the minimum; 
the solid lines are a parabolic fit to the points in between the minimum and the kink point and 
a horizontal line at the average τoff of the points on the right-hand side of the kink point, re-
spectively; the arrows indicate the flame centre, which lies at the minimum of the dotted pa-
rabola, and the kink point, which is the point of intersection of the two solid lines; the dis-




LIFBASE revealed that this line consists of three overlapping rovibronic transitions of 
CN, which are all part of the (1,0) vibrational band of the B ← X transition, viz. the 
P1(J=15), the P2(J=15) and the P12(J=15) line. The BN values of these transitions were 
obtained from LIFBASE [lif99]. By fitting, the absorption lines were found to have a 
Lorentzian shape with a FWHM of 0.76 cm-1, meaning that Doppler broadening can 
be neglected. From the BN values and the linewidth the total absorption cross section 
was calculated to be 2.3·10-19 m2. 
In figure 8.6 lateral profiles of the summed column densities of the three measured 
energy levels are displayed for three different nitrogen additions (0, 25 and 50 sccm). 
The error bars represent experimental errors that have been determined from the 
spread of τ at a constant laser wavelength. It can be seen that within a lateral position 
of about 2.5 mm from the axis, the column densities increase with the added nitrogen 
flow. Beyond 2.5 mm, nitrogen addition does not seem to have a large influence on 
the CN densities. Firchow and Menningen [fir99] performed sensitive absorption 
measurements on, amongst other species, CN in a system similar to ours without the  
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Figure 8.5: Part of the spectrum of the CN B2Σ+ ← X2Σ+ electronic transition measured 
with CRDS and simulated with LIFBASE [lif99], showing rotational lines of the (1,0) and 
(2,1) vibrational bands; the bandheads of both vibrational bands are indicated; the arrow 




















Figure 8.6: Column density profiles of the (v=0, J=15) energy level of  ground state CN, 
measured for the three nitrogen additions indicated in the figure; the lines connecting the 






experiments were performed with a burner orifice of 1.0 mm [wel97], as compared to 
1.3 mm for ours. Taking an average value for the measured points at 0.5 mm and 1 
mm above the substrate and multiplying by 1.3, a CN column density of 8·1011 cm-2 
follows from the work of Firchow and Menningen [fir99]. For our 0 sccm measure-
ments the column density of CN in the probed state closest to the flame axis is 
3.9·1010 cm-2, which is converted to a ground state column density of 1.4·1012 cm-2 by 
using Eq. (8.7) with an average path temperature of 3220 K. The agreement within a 
factor of 2 is, considering the experimental accuracy of the applied experimental 
techniques, reasonable. 
 
Figure 8.7a shows absolute concentration profiles of ground state CN, which were 
derived from the column density profiles by using Eqs. (8.6) and (8.7). By using Abel 
inversion software of Laux [lau93] the relative error in the concentrations was esti-
mated to be within ± 40%. The software could not be used for the Abel inversion it-
self, because it is not equipped with an option to fit two overlapping polynomials to a 
set of data points as is required for a good analysis of our measurements. In the case 
of the 0 sccm measurement the CN is formed out of nitrogen from the ambient air 
[sch95], which has entered the flame and has interacted with it. Previously, we [sto99] 
reported an off axis maximum for the CH concentration and suggested a possible rela-
tion between this maximum and the off axis CN maximum observed by Klein-Douwel 
et al. [kle97]. Both results have been obtained in set-ups similar to the present one. To 
investigate whether there is indeed a relation, which is supported by work of Gerger et 
al. [ger99], CRDS measurements may be performed in which the CH concentration at 
the lateral position of its maximum is measured as a function of nitrogen addition, to-
gether with the CN concentration. From results of their numerical simulations of ni-
trogen addition during oxyacetylene flame CVD of diamond, Okkerse et al. [okk00b, 
okk02] propose different mechanisms of nitrogen decomposition in different parts of 
the flame, involving either CH or NO, which may be tested in a similar way. 
 
For nitrogen additions of 25 and 50 sccm the CN signal is a result of both the nitrogen 
from the ambient air and the added nitrogen. If CN can be taken as an indicator of the 
nitrogen chemistry in the flame, it follows from inspection of figure 8.7a that the ni-
trogen chemistry in the outer part of the flame is dominated by nitrogen from the am-
bient air, whereas in the central area it results from the added nitrogen. In the area in 
between where the CN maximum is observed, both nitrogen sources play a role. 
These findings are in agreement with previous experiments with a largely similar ex-
perimental set-up [sch99, sto00, sto01]. The numerical simulations of Okkerse et al. 
[okk02] show that nitrogen from the ambient air does not come closer to the flame 
axis than about 1.3 mm, and that nitrogen-containing species do not diffuse to the cen-
tre in significant amounts. This means that the influence of nitrogen from the air will 
not stretch all the way from the outer flame to the centre. As a logical consequence  
 
 






































Figure 8.7: (a) absolute ground state profiles for the measurements with the nitrogen 
additions indicated in the figure; the relative error in the concentrations is estimated to be 
within ± 40%; (b) simulated two-dimensional CN distribution (upper) and concentration pro-
file at the substrate surface (lower), reproduced from [okk02]; z is the height above the sub-
strate surface and r the radial position; the simulations were performed for a nitrogen addi-
tion of 1 ppt, which equals 6 sccm for the conditions used, and with d=0.6 mm and Sac=5% 
[okk02]. 
 






























the simulations show that the nitrogen influence in the centre comes from the added 
nitrogen, which is in agreement with our measurements.  
 
In figure 8.7a it can be seen that the central CN concentration increases with the 
added nitrogen flow, which is in agreement with previous LIF measurements [sto00a] 
in nearly the same system under very similar conditions, which showed a linear rela-
tion between the central CN LIF signal and the added nitrogen flow. From these LIF 
measurements [kle97, sto00, sto01] and the mentioned numerical simulations [okk02] 
it follows, that the central CN concentration without nitrogen addition should be about 
zero, which is the case, as can be seen in figure 8.7a. The maximum CN concentration 
in figure 8.7a shows three trends with an increasing nitrogen addition: it increases, 
becomes less pronounced and lies closer to the flame axis. These trends were also ob-
served in previous LIF measurements [sto00a, sto00b]. 
 
Figure 8.7b shows the results of the numerical simulations of the system by Okkerse 
et al. [okk02], performed for a nitrogen addition of 1 ppt, which corresponds to 6 
sccm. The CN concentration profile (lower graph in the figure), which is taken at the 
surface, is in qualitative agreement with the profile measured for a nitrogen flow of 50 
sccm, which in our system is equal to 10 ppt: it shows a concentration maximum out-
side the centre, which is only slightly higher than the central concentration. Also the 
position of the maximum in the simulations at about 1.5 mm from the flame axis 
agrees nicely with the 50 sccm measurements. With respect to this it should be men-
tioned that the simulated profile may deviate somewhat from the actual profile, due to 
imperfections in the reaction kinetics, which were mentioned by Okkerse et al. 
[okk00a] and indicated by measurements of Staicu and co-workers [sta02]. The simu-
lated profile seems to extend further outside the flame than the measured one, which 
may be due to the incomplete reaction kinetics and to the fact that the simulated pro-
file is taken at the surface instead of 0.75 mm above it. From the upper graph in figure 
8.7b, which shows the full two-dimensional CN distribution, it becomes clear that the 
profile at the height of the measurements will be narrower and therefore closer to the 
measured profile. A large discrepancy exists between the absolute concentrations of 
the simulated and measured maxima: at 0.75 mm above the substrate, the simulations 
show a maximum CN concentration of about 4.5·10-7 mol/m3, which corresponds to 
2.7·1017 m-3, whereas the 50 sccm measurement yields a value of 6.7·1015 m-3, which 
is a factor of 40 lower. This is especially surprising, because the added nitrogen con-
centration in the experiment is almost 10 times larger than that in the simulation, 
which is expected to lead to a larger instead of a lower CN concentration. Part of the 
large concentration difference may be explained by the fact that in the simulations d is 
much smaller than in the experiments: 0.6 mm as compared to 2.0 mm. As can be 
seen in the upper graph of figure 8.7b the CN concentration in the flame is expected 
to decrease with a decreasing height above the substrate. If the distance between the 
flame front and the substrate is longer, i.e. if d is larger, the radicals formed at the 
flame front travel a longer way to the substrate. Since the radical concentrations de-
crease downstream, a longer way through the flame means lower concentrations. 
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Therefore, the CN concentration at a certain vertical position in the flame is expected 
to decrease with increasing d. This implies that the simulated CN concentrations at 
0.75 mm above the substrate would be lower, if the simulations were performed for 
d=2.0 mm, resulting in a smaller discrepancy between the measured and the simulated 
CN concentrations. In addition, the measured concentrations are expected give a small 
underestimation of the CN concentrations in the flame, as discussed in section 8.3.1, 
which means that the actual CN concentrations will be slightly higher than the ones 
that are found in figure 8.7a. Previously, it has been found that CN may be one of the 
species responsible for the effect of nitrogen addition on the properties of CVD dia-
mond [kle98, sto00, okk02]. The low measured CN concentrations support the con-
clusions of Okkerse et al. [okk02], that the effect of nitrogen addition on the CVD 
diamond growth rate does not result from influences of nitrogen on the gas phase 
chemistry or surface etching effects similar to that of atomic hydrogen, but from in-
corporated nitrogen or nitrogen that is adsorbed on the diamond surface.  
 
As mentioned in section 8.3.1, the lateral position of the outermost data point is taken 
to be the cut-off radius rc in Eq. (6), at which the Abel inversion yields a zero concen-
tration. In figure 8.6 it can be seen that the column density in the outermost data 
points is not zero, which means that the actual concentrations may be slightly lower 
than the ones presented in figure 8.7a (lower, because a larger percentage of the cen-
tral column densities will be appointed to the more outward regions of the flame, im-
plying a decrease of the central concentrations). Because the column densities meas-
ured outside a lateral distance of 2.5 mm and, consequently, also the absolute concen-
tration profiles outside a radial position of 2.5 mm, do not seem to be influenced se-
verely by the added nitrogen flow, the systematic error made in the calculation of the 
absolute concentrations should be about the same for all nitrogen additions. In figure 
8.8, LIF profiles obtained from previous LIF measurements [sto00a, sto00b] are 
shown, together with the present concentration profiles. The LIF profiles represent the 
average LIF signal of a 120 µm high strip centred at 720 µm above the substrate. Be-
cause no LIF distribution was available for a nitrogen addition of 50 sccm, one for 60 
sccm of added nitrogen was used. If it is assumed that the LIF profiles represent the 
actual concentration profiles it follows, that the CN concentration outside the area 
with a radius of 5 mm is rather small in both absolute and relative sense. This means 
that the systematic error made by choosing the zero concentration at the outermost 
data point is expected to be small and will therefore not be taken into account in fur-
ther discussions in this paper. 
 
From figure 8.8 it can be seen that the overall shapes of the concentration and LIF 
profiles are rather similar, and that for the measurements without nitrogen addition the 
concentration profile is somewhat broader than the LIF profile. This broadening may 
be caused to a major extent by a convolution of the spatial width of the laser spot in 
the cavity, which has a waist of 155 µm, and the actual concentration profile. An es-
timate of the broadening due to the width of the laser beam is obtained by realizing 
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Figure 8.8:  Comparison of our concentration measurements (solid circles) and previ-
ously performed LIF measurements [sto00a ,sto00b] (solid lines) for the nitrogen additions 
indicated in the figure; the LIF profiles represent the LIF intensity of a 120 µm high vertical 
strip centred at 720 µm above the substrate; the 50 sccm profile is compared to a LIF profile 
measured with a 60 sccm nitrogen addition. 
 
 
that at a position of at least one waist outside the actual profile still some signal is 
measured. This broadens the actual profile with one waist on both sides, which for the 
present measurements corresponds to 310 µm. 
 
Another observation from figure 8.8 is that for all three nitrogen additions, the maxi-
mum of the concentration profile lies closer to the flame axis than the one of the LIF 
profile. This may result from a number of causes. First, there is an inaccuracy in the 
radial position of both profiles, which may account for part of the observed differ-
ence. The inaccuracy is about 0.1 mm for the CRDS profile and 0.1 mm at most for 
the LIF profile. Apart from this inaccuracy in the lateral position, temperature influ-
ences the position of the peaks, because it determines the population distribution of 
CN over its energy levels. Both for the CRDS and LIF measurements it should be re-
alized that the measured signals do not give the total ground state distribution, but the 
distribution of CN in specific energy levels. The conversion of the measured distribu-
tions to total ground state ones involves temperature (Eq. (8.7)), and can result in a 
small difference between the radial position of the measured maximum and that of the 
ground state one. For the CRDS measurements the profiles in figure 8.8 are total 
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not the case for the LIF profiles, which give distributions of CN in the (1,0) bandhead. 
With the use of LIFBASE [lif99] it was found that the influence of temperature on the 
position of the maximum is negligibly small for the present conditions.  
 
Another possible explanation for this discrepancy might be, that the laser beam is ac-
tually higher above the substrate than indicated by our method to determine its posi-
tion. In that case the concentration profile should be compared to a LIF profile taken 
further away from the substrate, which means, as can be seen from the previous LIF 
measurements [sto00a], that the LIF maximum will be closer to the flame axis and, as 
a consequence, to the CRDS maximum. Figure 8.9 shows that for the 0 sccm meas-
urement, the positions of the LIF maximum and the CRDS maximum coincide, if the 
LIF profile is taken at 1.2 mm above the substrate. If this were the real height at 
which the CN measurements have been performed, it would mean that our clipping 
method for the determination of the height is wrong by at least 0.5 mm. From our ex-
periments there is no indication of such a large error. As has been discussed in section 
8.3.2, there may be a systematic error in the method due to the approximations in the 
theory used. If the experimental data of Zhao et al. [zha00] are used for determining 
the height of the laser beam, the beam is 0.2 mm closer to the substrate than with the 
use of the theoretical results. This indicates that the systematic error due to the ap-
proximations in the theory is likely to be smaller than 0.5 mm and, more important, 
that the use of the experimental data of Zhao et al. instead of the theoretical ones re-
duces the height of the laser beam above the substrate. This reduction means that the 
use of the experimental data enlarges the mismatch in vertical position of the CRDS 
and LIF maxima instead of offering an explanation for it, because the LIF maximum 
moves further outside the flame with a decreasing height above the substrate. In sec-
tion 8.3.2 it has been explained why the theoretical values are used for determining 
the height of the laser beam. 
 
A last possible reason for the discrepancy between the positions of the maxima is, that 
the LIF signal in the central region is quenched stronger than the signal further out-
wards in the flame. In that case the observed LIF profiles are in fact cut out of a pro-
file of much stronger intensity with a maximum closer to the flame axis. If this is true 
the quenching should be caused by a quenching partner that is present more in the 
centre of the flame than at the position of the LIF maxima. Species predominantly 
present in the centre of the flame and absent or in lower concentration in the outer 
area of the flame are e.g. H and C2. Unfortunately, no information on the quenching 
behaviour of these species with respect to B-state CN is available from literature. In-
stead of quenching, a reaction of CN with another species might be another explana-
tion. It should be noted that the CRDS signal is not sensitive for processes influencing 



















































Figure 8.9: Comparison between the concentration profile of the 0 sccm measurement 
(solid circles) and LIF profiles (lines) at several heights above the substrate, obtained from 
previous measurements [sto00a]; the LIF profiles are the average LIF signal of 120 µm high 
vertical strips centred at 720 µm (dotted line), 1240 µm (solid line) and 2000 µm (dashed 
line) above the substrate. 
 
 
In summary, it can be said that in the above discussion none of the possible causes for 
the difference between the positions of the concentration and LIF maxima can be de-
finitively established as the major source of it. For a comparison of CRDS and LIF 
results under identical conditions, a very useful experiment would be a simultaneous 
measurement of CRDS and LIF profiles, as has been previously performed on OH by 




Absolute CN concentrations in a diamond-depositing flame were measured by means 
of cavity ring down spectroscopy (CRDS). Measurements were performed with the 
addition of different amounts of nitrogen to the flame. Novel ways for the determina-
tion of both the lateral and vertical position of the laser beam were presented. Meas-
ured column density profiles showed that the addition of nitrogen does not have a 
large influence on the CN concentrations in the outer part of the flame. Comparison of 
the central column density of the 0 sccm measurement with results of Firchow and 
Menningen [fir99] showed reasonably good correspondence. The column density pro-
files were transformed to absolute concentration profiles with the use of Abel inver-
sion and a temperature profile constructed from numerical simulations [okk01]. Be-
cause the column density profiles could not be fitted with a single polynomial, two 
overlapping polynomials were used. 
The obtained concentration profiles showed both correspondence and disagreement 
with previous LIF measurements: the characteristics of the profiles were similar, but 
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the maxima of the concentration profiles were systematically closer to the flame cen-
tre than the maxima of the corresponding LIF profiles. Examination of a number of 
possible sources for the observed discrepancy could not reveal a dominant one.  
  
Comparison of the 50 sccm experiment with a numerical simulation performed by 
Okkerse et al. [okk00b, okk02], showed a correspondence with respect to the shape of 
the CN concentration profile and the lateral position of the concentration maximum. 
The maximum concentration, however, is larger for the simulation by a factor of 40, 
even though the nitrogen addition for the simulation is almost 10 times lower. This 
difference can partly be explained by the smaller flame front to substrate distance 
used in the simulations. The low CN concentrations measured support the idea, that 
the influence of nitrogen addition on the diamond growth rate is not a result of dra-
matic changes in the gas phase chemistry or of surface etching, but that it is due to a 
surface or bulk effect. 
 
The present measurements show that CRDS can be used to study the influence of ni-
trogen addition on diamond CVD processes. It can be a tool to identify the nitrogen-
containing species that are responsible for this influence and to quantify their role, e.g. 
by comparing absolute gas phase concentrations of a species with absolute concentra-
tions of nitrogen incorporated into the diamond layer, as can be determined by SIMS. 
Apart from CN it should be interesting to measure concentration profiles of nitrogen-
containing species other than CN as well. Especially the HCN molecule, which may 
be an important species in the influence of nitrogen addition on diamond CVD [ata99, 
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This thesis describes research on oxyacetylene flame deposition of diamond, which is 
one of the chemical vapour deposition (CVD) methods of diamond. The research is 
related to two central themes, namely the development and application of laser spec-
troscopic methods to measure species distributions and densities in the flame during 
deposition, and the study of the effects of nitrogen addition on the properties of de-
posited diamond layers. In situ gas phase diagnostics of the flame is important, be-
cause it provides insight into the gas phase chemistry that leads to the conditions un-
der which diamond deposition can take place. Besides, the presence or absence of cor-
relations between the measured species density distributions and properties of the de-
posited diamond layers yields information about the importance of species in the dia-
mond deposition mechanism. Two laser diagnostic techniques were used, namely 
two-dimensional laser induced fluorescence (LIF) detection and cavity ring down 
spectroscopy (CRDS). LIF has been applied to this purpose in previous studies in the 
same flame [kle97] and was used in the present work to measure CN radical distribu-
tions. CRDS, on the contrary, has hardly been used for gas phase measurements dur-
ing diamond CVD processes and its application in the case of atmospheric flames has 
been limited to a small number of cases. The combination of in situ diamond CVD 
diagnostics and atmospheric pressure is unique and the presented CRDS measure-
ments are the first ones in this respect. CRDS measurements were performed on the 
CH, C2 and CN radicals. 
 
The study of the effects of nitrogen addition is important because of the dramatic in-
fluence of nitrogen on the properties of CVD diamond layers. This means that nitro-
gen addition can be used to tune the properties of the diamond layer for specific ap-
plications and in order to do so a good understanding of its effects is necessary. In the 
present work, the influence of nitrogen addition has been investigated by growing 
samples with varying nitrogen additions to the flame, and studying their properties by 
means of a range of solid state characterization techniques, such as Raman spectros-
copy and cathodoluminescence (CL). More information about the role of the CN radi-
cal in the deposition process was obtained from LIF measurements performed during 
deposition. Below, the most important results that follow from this thesis’ main 




9.2 Gas phase diagnostics 
An important new result is the successful application of CRDS for in situ measure-
ments in a diamond CVD process at atmospheric pressure. To enable these measure-
ments, a careful alignment of the cavity and a continuous control of the alignment 
during the measurements are necessary. The possibility of performing CRDS meas-
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urements in atmospheric flames offers a way to measure absolute concentrations, 
which is not possible by LIF because of the unknown signal losses due to collisional 
quenching. Furthermore, CRDS can also be used to detect non-fluorescing species, 
thus widening the options for gas phase studies. It can e.g. be used for the verification 
and improvement of flame chemistry models, as shown in chapter 4, in which excited 
state C2 concentration profiles are presented. 
For the CH measurements in chapter 3, a good correlation was found between the 
CRDS measurements and LIF measurements performed previously under similar con-
ditions. Also for the excited state C2 radical, a good correlation was observed, as fol-
lows from chapter 4. The correlation between the CN CRDS measurements of chapter 
8 and the CN LIF measurements of chapter 6 and 7, which have also been performed 
under very similar experimental circumstances, is rather well. The shapes of the 
measured profiles correspond well, but there is some discrepancy in the radial 
position of the concentration maximum between both measurement techniques. The 
reasonably well to good correspondence between the CRDS and LIF measurements 
indicates the possibility to calibrate LIF measurements by means of a limited number 
of CRDS measurements. In this way, the strengths of both techniques are combined, 
which results in a method for measuring absolute concentrations in a relatively fast 
way, in case the species under investigation has a fluorescent transition. The CRDS-
LIF comparisons in this thesis are in all cases based on measurements that were not 
performed at the same moment. To improve the reliability of the conclusion it is, 
however, advisable to do experiments, in which both measurements are done simulta-
neously, as has been reported in literature [spa97, luq01]. 
 
When the concentration distributions are inhomogeneous, as is the case for the present 
oxyacetylene flame, Abel inversion processing can be applied to convert measured 
ring down times to spatially resolved species concentrations, as described in detail in 
the data analysis procedure in chapters 2 and 8. Hereto, an analytical representation of 
lateral column density profiles is necessary, which can be a polynomial. The introduc-
tion of two overlapping polynomials for fitting data that cannot be fitted with a single 
polynomial in a decent way is a useful novelty presented in this thesis, which can fa-
cilitate the Abel inversion of complicated data sets. 
 
 
9.3 The effects of nitrogen addition 
From chapter 5 and 7 it becomes clear that a detailed study of the diamond morphol-
ogy is almost indispensable for a good characterization of the diamond deposits. In 
chapter 5 the evolution of the mechanical stress and crystalline order as a function of 
the added amount of nitrogen can be understood if the changing morphology is con-
sidered. The same holds for the relative strengths of CL features: knowledge of the 
morphology is necessary for understanding their behaviour with changing nitrogen 
additions. In chapter 7 it becomes clear from the morphology that diamond growth 
under the applied conditions proceeds mainly via the recently developed deteriora-
tion-growth model [sch02] and that {001} topped crystallites in the central area are 
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not to be expected. From these examples it follows that for a complete characteriza-
tion of CVD diamond deposits, a check of the morphology is necessary. 
Also from chapter 5 and 7 the specific merits of micro-Raman and normal Raman 
measurements become clear. Micro-Raman spectroscopy can be used for a very local 
characterization of deposits and enables the separate study of e.g. diamond crystallites 
and grain boundaries. Normal Raman measurements give a good overview of the dif-
ferent material phases in the layers. An example of this is the direct increase of sp2 
carbon material upon nitrogen addition, which follows directly from normal Raman 
spectroscopy, as described in chapter 7. For future research it is recommendable to 
use both modes of Raman spectroscopy for layer characterization, because this gives 
more complete information about the deposits than the use of only one of them. 
 
 
9.4 Correlations between gas phase and solid state measurements 
From radial growth rate profiles, CL topography (both chapter 6), and the CN LIF and 
CRDS measurements (chapter 6-8) it is concluded that the diamond growth area can 
be divided into three zones. First, there is a central area, in which diamond growth is 
dominated by the growth conditions that follow from the settings of the experimental 
set-up. Then, there is an outer zone, where the deposition process is almost fully gov-
erned by the interaction between the flame and the ambient air (nitrogen and oxygen). 
In between these two zones lies an intermediate one in which diamond deposition is 
influenced by the growth conditions as well as the interaction with the ambient air. 
The division of the growth area into three more or less separate zones is in agreement 
with earlier work from literature [sch99]. 
From the results of chapter 6 and 7 rather strong support is obtained that the CN radi-
cal plays an important role in the influence of nitrogen addition on oxyacetylene 
flame CVD of diamond. These results supply experimental evidence for a model of 
Butler [but98] that identifies CN as the nitrogen-containing species that is responsible 
for a number of the observed effects of nitrogen addition. 
 
 
9.5 Future work 
With the results of this work the study of the flame CVD of diamond is still far from 
being finished. Instead, new perspectives for further optimization of diamond growth 
were obtained. The availability of CRDS for measurements in the diamond-depositing 
oxyacetylene flame means that species that cannot be measured by LIF can now be 
detected and quantified. In this respect, two interesting species are CH3 and C2H, both 
of which may be of major importance for diamond growth. Measuring them can re-
veal their importance. Besides CRDS in the UV part of the spectrum also CRDS in 
the IR part or cavity enhanced absorption, which has already been applied for meas-
urements in an atmospheric oxyacetylene flame [pee01], should be considered for use. 
A set of absolute concentration profiles of the major growth species (e.g. H) can help 
to check the gas phase modeling of flame CVD of diamond and can be an important 
step in the direction of a quantitative description of the processes at the growing dia-
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mond surface. To enable this it would be very useful to know what species are present 
on the diamond surface during growth, since gas phase measurements cannot ap-
proach the surface closer than some tens of µm. For studying the surface itself in situ, 
sum frequency vibrational spectroscopy may be suitable. So far, this technique has 
only been used in low-pressure model systems of CVD diamond growth [chi96, 
mit91] and for its application in atmospheric flame deposition quite a few experimen-
tal difficulties, such as the generally large roughness of flame-grown diamond layers, 
must be overcome. If deposition at atmospheric pressure is too difficult, a low-
pressure flame deposition system might be used as a model system. 
 
In the case of nitrogen addition, a study of some nitrogen-containing radicals other 
than CN may be worth some effort. The most important of these is HCN and other 
radicals that can be thought of are NCO and NHx (x=0-3). Furthermore, quantitative 
relations between gas phase concentrations of nitrogen-containing radicals and con-
centrations of nitrogen incorporated into the diamond deposits, which can be meas-
ured by means of secondary ion mass spectrometry, can be established. Such relations 
can provide more detailed information about the growth processes involving nitrogen, 
especially when they are combined with information about the defect structure of the 
deposit. 
With respect to studying the effects of nitrogen addition on flame deposition, a more 
extensive investigation of the parameter space of flame deposition will be rewarding. 
Elucidation of the relations between the effects of nitrogen addition and the deposition 
conditions, such as the distance between the flame front and the substrate, the sub-
strate temperature and the carbon supersaturation, should enable the applicability of 
nitrogen addition for making layers suitable for specific purposes. Since relations be-
tween deposition parameters established for one diamond CVD technique are likely to 
hold, in a qualitative way, for other diamond CVD techniques as well, results obtained 
for flame deposition contribute to a better understanding of diamond CVD in general. 
Summary and outlook 
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Vlamdepositie van diamant 
-Diagnostiek van de gasfase en de effecten van stikstoftoevoeging- 
 
Diamant is een bijzonder materiaal dat de mensheid al duizenden jaren lang gefa-
scineerd heeft. Wie kent niet de prachtige edelstenen die licht lijken uit te stralen?  
De schittering van deze stenen is het gevolg van een combinatie van de grote 
brekingsindex van diamant en het vakmanschap van de slijper van de stenen, waar-
door licht gevangen wordt in de stenen. Naast de brekingsindex heeft diamant nog een 
groot aantal andere stofeigenschappen die het geschikt maken voor velerlei toepassin-
gen. Het is dan ook om meer dan één reden een mooi materiaal. De bekendste eigen-
schap van diamant is zijn extreme hardheid: het is het hardste materiaal dat we ken-
nen. Door die hardheid kan diamant gebruikt worden in bijvoorbeeld zaagbladen en 
boorkoppen. Een interessante en nuttige combinatie van eigenschappen van diamant, 
is die van het zeer lage elektrische geleidingsvermogen, het is een elektrische isolator, 
en de zeer goede warmtegeleiding. Deze combinatie maakt het een goed materiaal 
voor de vervaardiging van “heat sinks” voor het wegleiden van warmte uit elektrische 
systemen zoals computerchips. Door dotering kan halfgeleidend diamant gemaakt 
worden, wat toegepast kan worden in elektrodes. De grote optische transparantie van 
diamant, gaand van het ultraviolet tot ver in het infrarood, maakt het bruikbaar voor 
de vervaardiging van optische vensters voor bijvoorbeeld lasers.  
 
Tot de jaren 50 van de vorige eeuw had de mensheid alleen de beschikking over 
natuurlijk diamant. Sindsdien is het mogelijk om diamant op kunstmatige wijze te 
maken via de bekende hoge druk-hoge temperatuur methode. Met chemische damp 
depositie (CVD) kunnen polykristallijne diamantlagen vervaardigd worden. CVD is 
een verzamelnaam voor een aantal diamantdepositietechnieken, waarbij koolstof 
vanuit een geactiveerde gasfase als diamant neerslaat op een oppervlak. CVD heeft in 
de laatste 20 jaar de deur geopend naar nieuwe toepassingen van diamant, zoals het 
gebruik in beschermende coatings, het maken van kleine apparaten die volledig uit 
diamant bestaan en het vervaardigen van lagen voor het detecteren van straling. 
 
Dit proefschrift beschrijft onderzoek aan een van de CVD methodes, namelijk het 
afzetten van diamantlagen met behulp van een vlam, vlamdepositie. Met een zuurstof-
acetyleenvlam werden polykristallijne diamantlagen afgezet op het metaal molyb-
deen. Uit de vele te onderzoeken aspecten van deze manier van vlamdepositie, is een 
keuze gemaakt die zich onder twee noemers laat vangen: het onderzoeken van de 
invloed van radicalen (zeer reactieve deeltjes) in de vlam op de diamantafzetting en 
de bestudering van de effecten van het toevoegen van stikstof aan de vlam. Door de 
eerste van de twee wordt gepoogd een beter begrip van de mechanismes van diamant-
afzetting te krijgen. De invloed van stikstof op diamantdepositie is een interessant on-
derzoeksonderwerp, omdat door stikstoftoevoeging de eigenschappen van afgezette 
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diamantlagen gereguleerd kunnen worden, wat kan worden toegepast voor het ver-
vaardigen van lagen voor specifieke toepassingen. Om dit mogelijk te maken is een 
goede kennis en karakterisering van de effecten van stikstoftoevoeging noodzakelijk. 
 
De invloed van radicalen op vlamdepositie is onderzocht door ruimtelijke verdelingen 
van het radicaal te meten tijdens het depositieproces en deze te vergelijken met eigen-
schappen van de afgezette diamantlaag. De aanwezigheid van correlaties tussen deze 
twee duidt op een mogelijke rol van het radicaal in de afzetting. Voor het meten van 
de radicaalverdelingen zijn twee lasergebaseerde spectroscopische meettechnieken 
gebruikt, namelijk lasergeïnduceerde fluorescentie (LIF) en cavity ring down spectro-
scopie (CRDS). Met LIF kunnen gevoelig en snel tweedimensionale verdelingen van 
een specifiek radicaal in de vlam gemeten worden. Bij atmosferische druk is het niet 
mogelijk om met LIF concentraties te meten, omdat er door signaalverlies ten gevolge 
van botsingen tussen deeltjes in de vlam een onbekende fractie van het signaal ver-
loren gaat. CRDS, een absorptietechniek, kent dit probleem niet. Metingen met deze 
techniek in atmosferische vlammen zijn schaars in de literatuur en de metingen die 
gepresenteerd worden in dit proefschrift zijn de eerste tijdens diamantdepositie bij 
atmosferische druk. Het effect van stikstoftoevoeging is onderzocht door series van 
lagen af te zetten met variërende stikstofhoeveelheden en de eigenschappen van deze 
lagen met een aantal karakteriseringstechnieken te bepalen. De invloed van stikstof op 
de vlam volgde uit LIF en CRDS metingen aan het CN radicaal. Nu volgt een samen-
vatting van het proefschrift.  
 
Na de algemene inleiding in hoofdstuk 1 wordt in hoofdstuk 2 een beschrijving 
gegeven van de experimentele opstellingen. Tevens worden LIF, CRDS en de tech-
nieken die gebruikt zijn voor het karakteriseren van de diamantlagen besproken. Met 
hoofdstuk 3 begint de behandeling van de verrichte experimenten. Het handelt over 
CRDS metingen aan het CH radicaal tijdens diamantafzetting. Gevonden kolom-
dichtheden van dit radicaal zijn niet in tegenspraak met de literatuur. Ruimtelijk op-
geloste CH concentraties worden gepresenteerd en er wordt een indicatie gevonden 
voor een rol van CH bij de vorming van de bij vlamdepositie regelmatig waarge-
nomen ring van verhoogde groeisnelheid en ruwheid. De invloed van CH loopt hierbij 
mogelijk via omvorming naar het CN radicaal. Een van de CH kolomdichtheden 
stemt goed overeen met eerder uitgevoerde LIF metingen, waaruit volgt dat het 
mogelijk is om LIF metingen met CRDS metingen te calibreren. In hoofdstuk 4 
worden CRDS metingen aan het C2 radicaal in de elektronisch aangeslagen A 
toestand, C2(A), in een zuurstof-acetyleenvlam zonder substraat besproken. De metin-
gen vertonen overeenstemming met eerdere LIF metingen. Een afwijking met de re-
sultaten van numerieke simulaties wordt toegeschreven aan imperfecties in het voor 
de simulaties gebruikte model. 
 
Hoofdstuk 5 beschrijft de karakterisering van een serie lagen die afgezet zijn met ver-
schillende stikstoftoevoegingen aan de vlam. Voor het interpreteren van de metingen 
van de laageigenschappen blijken de eerder bepaalde morfologie en defectstruktuur 
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van groot belang. Uit Röntgendiffractie metingen volgt dat er tussen het molybdenen 
substraat en de afgezette diamantkristallieten een dunne laag molybdeencarbide aan-
wezig is. Er is gevonden dat het toevoegen van stikstof resulteert in een <001> textuur 
van de afgezette lagen, die optimaal is bij stikstoftoevoegingen van 0.5 en 0.6 % van 
de totale gastoevoer. Met micro-Raman spectroscopie werd gevonden dat de morfolo-
gische overgang van gesloten naar opengebroken lagen in belangrijke mate het ver-
loop van de mechanische spanning in de lagen als functie van de toegevoegde hoe-
veelheid stikstof bepaalt. Verder blijkt uit de metingen dat de kristallijne orde van de 
lagen als functie van de stikstoftoevoeging in grote lijnen bepaald wordt door de 
spanning in de lagen en dat {001} facetten een grotere fasezuiverheid hebben dan 
{111} facetten. Cathodoluminescentie (CL) metingen laten zien dat bij lage stikstof-
toevoegingen blauwe A band luminescentie dominant is in het spectrum, terwijl bij 
grotere toevoegingen 2.156 eV emissie van een stikstof-vacature paar het sterkst is. 
Verder kan vastgesteld worden dat blauwe A band luminescentie een grotere inten-
siteit heeft van {111} facetten, terwijl 2.156 eV emissie sterker is van {001}vlakken. 
 
In hoofdstuk 6 is tijdens het afzetten van een serie lagen met verschillende stikstof-
toevoegingen de CN verdeling in de vlam gemeten met behulp van LIF. Van de af-
gezette lagen zijn de radiële groeisnelheidsprofielen en defectverdelingen gemeten. 
Voor het CN LIF signaal op een hoogte van 100 µm boven het centrale homogene 
gedeelte van de lagen werd gevonden, dat het recht evenredig is met de toegevoegde 
stikstofhoeveelheid voor het gehele onderzochte bereik. Vergelijking van de LIF- en 
groeisnelheidsprofielen geeft ondersteuning aan het bestaande beeld dat het CN radi-
caal van belang is bij de invloed die stikstof heeft op diamantgroei. Uit de metingen 
volgde, in overeenstemming met bevindingen uit de literatuur, dat er in radiële rich-
ting drie groeizones te onderscheiden zijn: een centraal gebied, waar diamantdepositie 
gedomineerd wordt door de condities zoals die door de experimentator worden in-
gesteld, een buitengebied, waar de depositie vrijwel volledig beheerst wordt door de 
interactie van de vlam met de omgevingslucht, en een tussengebied waar zowel de 
opgelegde condities als de omgeving invloed hebben. In het tussengebied ligt een ring 
van verhoogde groeisnelheid die de scheiding tussen het centrale gebied en het 
buitengebied markeert. Het voorkomen van drie zones volgt ook uit het werk 
beschreven in hoofdstuk 7 en 8. 
 
Hoofdstuk 7 geeft een verdere analyse van CN LIF metingen uit de meetreeks die be-
sproken is in hoofdstuk 6 en een verdere karakterisering van de lagen met SEM, op-
tische microscopie en Raman spectroscopie. Er werd gevonden dat de door botsingen 
veroorzaakte quenching van het LIF signaal in een gebied met een straal van 1.5 mm 
rondom de vlamas constant is. Een groot deel van de waargenomen morfologieën in 
de afgezette lagen kan begrepen worden met het recent ontwikkelde ontaarding-
gradiënt model voor CVD diamantgroei. Voor stikstoftoevoegingen rondom 0.1% 
bleek een kleine verandering in de stikstofhoeveelheid een grote invloed op de mor-
fologie in het centrum van de lagen te hebben. De radiële variatie van de morfologie 
van de laag die zonder stikstoftoevoeging afgezet is, kan begrepen worden vanuit de 
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radieel veranderende samenstelling van de vlam, die naar buiten toe mede wordt 
veroorzaakt door de interactie tussen de vlam en de omgevingslucht. De groeisnelheid 
van het centrale gedeelte van de diamantlagen is met stikstoftoevoeging hoger dan 
zonder, maar geeft verder geen duidelijk verband te zien met de hoeveelheid 
toegevoegde stikstof. Uit Raman metingen volgt dat met de toevoeging van stikstof 
het signaal afkomstig van sp2-koolstof toeneemt. Dit brengt met zich mee dat de 
kwaliteit van de lagen als geheel afneemt als er stikstof wordt toegevoegd. Er is een 
correlatie gevonden tussen veranderingen in de morfologie van de afgezette lagen en 
veranderingen van het Raman signaal. Uit de metingen volgt dat CN waarschijnlijk 
verantwoordelijk is voor de effecten van stikstoftoevoeging op diamantdepositie. 
 
Hoofdstuk 8 beschrijft CRDS metingen aan het CN radicaal in de vlam voor drie ver-
schillende stikstoftoevoegingen. Het hoofdstuk presenteert nieuwe methoden voor het 
bepalen van de positie van de laserbundel in de vlam. Vergelijking van de CRDS 
profielen met LIF profielen die verkregen zijn uit de metingen van hoofdstuk 6 en 7 
laat overeenkomsten zien. De radiële posities van het piekmaximum van de LIF en 
CRDS metingen blijken niet geheel overeen te komen. Dit verschil in positie wordt 
bediscussieerd, zonder dat een directe oorzaak voor de afwijking wordt geïden-
tificeerd. Vergelijking van een van de metingen met de uitkomsten van numerieke 
simulaties geeft aan dat de gemeten concentratie flink lager is dan de concentratie die 
volgt uit de simulaties, een verschil dat hoofdzakelijk wordt toegeschreven aan het 
feit dat de gebruikte simulaties uitgevoerd zijn bij een aanzienlijk kleinere afstand van 
de vlam tot het substraat dan de experimenten. 
In hoofdstuk 9, ten slotte, wordt een samenvatting van de belangrijkste resultaten 
gegeven, samen met aanbevelingen en suggesties voor verder onderzoek. Conclude-
rend kan gezegd worden dat de belangrijkste resultaten zijn: 
 
-Het toegankelijk maken van CRDS voor het meten van radicaalverdelingen in een 
zuurstof-acetyleenvlam bij atmosferische druk al dan niet tijdens diamantafzetting, 
zoals volgt uit de resultaten van de hoofdstukken 3, 4 en 8 
-Het aandragen van sterke aanwijzingen ter ondersteuning van het idee dat het CN 
radicaal in belangrijke mate verantwoordelijk is voor de gevolgen van stikstof op 
CVD diamantgroei (hoofdstukken 6 en 7) 
-Het duidelijk laten zien dat het gebied waar diamantafzetting plaatsvindt in drie ge-
bieden onder te verdelen is: een waar voor het grootste gedeelte de ingestelde om-
standigheden de depositie controleren, een waar de interactie van de vlam met de om-
gevingslucht het belangrijkst is en een tussengebied waar instellingen en omgeving 
beide een duidelijke invloed hebben (hoofdstuk 6-8) 
-Het laten zien dat stikstoftoevoeging de morfologie van diamantlagen sterk 
beïnvloedt, die op haar beurt weer een zeer grote invloed heeft op andere laageigen-
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